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ABSTRACT OF VOLUMES I AND IL. 


This book presents design techniques for a wide variety of low-pass, 
band-pass, high-pass, and band-scop microwave fiiters; for multiplexers; 
and for certain kinds of directional couplers. The material is organized 
to be used by the designer who needs to work out a specific design cuickly, 
with a minimum of reading, as well as by the engineer who wants a deeper 
understanding of the design techniques used, so that he can apply them to 


new and unusual situations. 


Most of the design procedures described make use of either a lumped- 
element low-pass prototype filter or a step-transformer prototype as a 
basis for design. Using these prototypes, microwave filters can be ob- 
tained which derive response characteristics (such as a fchebyscheiff 
attenuation ripples in the pass band) trom their prototype. Prototype 
filter designs are tabulated, and data is given reievant to the use of 
prototype filters as a basis foi the design of impedance-maiching networks 
and time-delay networks. Design formulas and tables for step-transformer 


prototypes are also given. 


The design of microwave filter structures to serve as impedance- 
matching networks is discussed, and examples are presented. The techniques 
described should find application in the design of impedance-matching net- 
works for use in microwave devices such as tubes, parametric devices, 
antennas, etc., in order to achieve efficient broud-band operation. The 
design of microwave filters to achieve various time-delay (or slow-wave) 


properties is also discussed. 


Various equations, graphs, and tables are collected together relevant 
to the design of coaxial lines, strip-lines, waveguides, parallel-coupled 
lines between common ground planes, arrays of lines hetween ground planes, 
coupling and junction discontinuities, and resonators. Techniques for 
measuring the Q's of resonators and the coupling coefficients between 
resonators are also discussed, along with procedures for tuning filters 


Equations and principles useful in the analysis of filters are coltiected 


“de 
pee 
pee 


together for easy reference and to aid the reader whose background for 


the subject matter of this book may Contain some gaps. 


Directional filters have special advantages for certain applica-- 
tions, and are treated in detail in a S€parate chapter, as are high- 
° power filters. Tunable filters of the kind that might be desired for. 
preselector applications are also treated. Both mechanically tunable | 
filters and filters using ferrimagnetic resonators, which cau be tuned 


by varying wu biasing magnetic field, are discussed. 
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PREFACE TO VOLUMES [I AND II 


—— 


The organization of this book has three general objectives. ‘The 
first objective is to present fundamental concepts, techniques, and data 
that are of general use in the design of the wide range of microwave 
structures discussed in this book. ‘The second objective is to present 
specialized data in-mwore or less handbook form so that a designer can 
work out practical designs for structures having certain specific con- 
figurations, without having to recreate the design theory or the deriva- 
tion of the equations. (However, the operation of most of the aevices 
discussed herein is sufficiently complex that knowledge of some of the 
basic concepts and technigues is usually important.) The third objective 
is to present the theory upon which the various design procedures are 
based, so that the designer can adapt the various design techniques te 
new and unusual situations, and so that researchers in the field of 
microwave devices may use some of this information as a basis for deriv- 
ing additional techniques. The presentation of the material so that it 
can be adapted to new and unusual situations is important because many 
of the microwave filter techniques described in this book are potentially 
useful for the design of microwave devices not ordinarily thought of as 
having anvthing to do with filters. Some examples are tubes, parametric 
devices, and antennas, where filter structures can serve as efficient 
impedance-matching networks for achieving broad-band operation. Filter 
structures are also useful as slow-wave structures or time-delay struc- 
tures. tn addition, microwave filter techniques can be applied to other 
devices. not operating in the microwave band of frequencies, as for 


instance to infrared and optical filters. 


The three objectives above are not listed in any order of importance, nor 
is this book entirely separated into parts according to these objectives. 
flowever, in certain chapters where the material lends itself to such 
orgenization, the first section or the first few sections discuss general 
principles which «a designer should understand in order to make best use 


of the design data in the chapter, then come sections giving design data 


, 


for specific types of structures, and the end of the chapter discusses 

the derivations of the various design equations. at*9, at numerous places 
cross references are made to other portions of the beon where information 
useful for the design of the particular structure under consideration can 
be found. For example, Chapter ll describes procedures for measuring the 
unloaded Q and external Q of resonators, and ter measuring the coupling 
coefficients between resonators. Such precedures have wide application 

in the practical development of many types of band-pass filters and 


impedance-inacching networks. 


Chapter | of this book describes the broad range of applications for 
which microwave filter structures are poicntially useful. Chapters 2 


through © contain reference data and background intusmatton for the rest 


of the book. Chapter 2 summarizes various concepts ond equations that 
are particularly useful in the analysis of filter structures. Although 


the image point of view for filter design is made use of only at certain 
points in this book, some knowledge of image des> a - thods is desirable. 
Chapter 3 gives a brief: summary of the image design cencepts wh’ ch are 
particularly usetul tor the purposes of this book. Chapters 1 to 3 should 
be especially helpful to readers whose background for the material of this 


book may have some gaps. 


Most of the falter and impedance-watching network design techniques 
described iater in the book make use oi a low-pass prototype iilter as a 
bas:s for design. Chapter 4 discusses various ty, 7s of lumped-element, 
low-pass, prototype falters, presents tables of element’ values for such 
tilters, discusses their time-delay properties, their impedance-matching 
properties, and the effects of dissipation loss upon thear responses. In 
later chapters these low-pass prototype filters and their vartous proper- 
tics are employed in the design of low-pass, high-pass, band-pass, and 
band-stop microwave filters, and also in the design of microwave impedance - 


matching networks, and time-delay networks. 


Various equations, graphs. and tables relevant to the design of 
coaxial line, strip- line, Wwaveyuide, and a variety of resonators, coupling 
structures, and discontinuities, are summarized for easy reference in 
Chapter 5. Chapter 6 discusses the desigo of step transformers and pre- 


sents tables of designs for certain cases. The step transformers in 


Chaptec 6 are not only for use in conventional impedance-transformer 


applications, bat also for use as prototypes for certain types of band- 


pass or pseudo high-pass filters discussed in Chapter 9. 


Design of low-pass filters and high-pass filters from the semi- 
Lumped-element point of view are treated in Chapter 7. Chapters 8, 9, 
and 10 ciscuss band-pass or pscudo-high-pass filter design using three 
different design approaches. which approach is best depends on the type 
of filter structure to be used and the bandwidth rejuired. A tabulation 
of the various filter structures discussed in all three chapters, a 
summary of the properties of the various filter structures, and the 
section number where design data for the various structures can be found, 


are presented at the beginning of Chapter 8. 


Chapter 1] describes various additional] techniques which are useful 
to the practical development of microwave band-pass filters, impedance- 
matching networks, and time-delay networks. These techniques are quite 
general in their application and can be used in conjunction with the 
filter structures and technigues discussed in Chapters 8, 9, and 10, and 


elsewhere in the book. 


Chapter 12 discusses band-stop filters, while Chapter 13 treats 
certain types of directional coupiers. ‘The TEM-mode, coupied-transmission- 
line, directional couplers discussed in Chapter 13 are related to certain 
types of directional filters discussed in Chapter 14, while the branch- 
guide directional couplers can be designed using the step-transformer 
prototypes in Chapter 6. Both waveguide end strip-line directional filters 
are discussed in Chapter 14, while high-tower filters are treated in Chapter 15. 
Chapter 16 treats multiplexers and diplexers, and Chapter 17 deals with 
filters that can be tuned either mechanically or by varying a biasing 


magnetic field. 


Tt is hoped that this book will fil a need (which has become in- 
creasingly apparent in the last Jew years) for a reference book on design 
data, practical development techniques, and design theory, in a field cf 


engineering which has been evolving rapidly. 
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CHAPTER 9 


RAND-PASS FILTERS, CONT ENDED 
(WIDE-BAND AND NARROW -BAND BAND- PASS 18-25: CANSESTING OF 
TRANSMISSION LINES WITH REACTIVE MéaLeapee MUETIES) 


SEC. 9.01, INTRODUCTION 


The band-pass filter design techniques discussed in this chapter 

are based on the quarter: wave transioimer protetyer circuit (Chapter 6). 
They apply to band-pass filters with transmission bine resonators 
alternating between coupling elements which are serbes capacitances or 
shunt inductances. ‘The design bandwidths may cange from narcow-band on 
up to such wide bandwidths that the filters can be used for microwave 
high-pass applications. Filters of these general types were also 
discussed in Secs. 3.05 to 8.08, using the design view point of Chapter 8, 
which is applicabie to narrow and moderate bandwidths. The design view 
point of this chapter was developed to obtain a design method which would 
hold for wider bandwidths, and for smalter pass-baad Tchebyscheff ripples, 


as well. 


Section 9.02 introduces the quarter: wave transformer prototype 
circuit, and Sec. 9.03 gives basic design formulas for synchronously 


tuned filters. 


Section 9.04 treats narrow-band filters from the view point of this 
chapter, showing the connection with the Lumped- constant low-pass 
prototype used in Chapter 8. [t has been found that the design technique 


of Sec. 9.04 and Chapter 4 for narrow-band filters generally works well 


up to fractional bandwidtis of about: 20 percent of mare (compare Sec. 8.01), 


provided that the pass-band ripple is not too.smail: - the ripple VS'H 
should exceed about 1 + (2w)?, where is the fractional bandwidth of 
the narrow-band filter, if it is to be derivable from a lumped- constant 


low-pass prototype. 


The remainder of this chapter, from Sec. 9.05 on, #5 concerned 
mainly with the design of wide-band and pseudo-high- pass filters, for 
which the method of the quarter-wave transformer prototype is principaily 


intended. 


ohT 


Section 9.05 deals with the realization cf the reactive discontin- 
uities (for filters of any bandwidth). In Sec. 9.06 some standardized 
designs are given which can be adapted for many high-pass applications, 


and experimental results are given in Sec. 9.07. 


The basic theory, design data, and examples will be found in 
Secs. 9.08 through 9.11. Finally, Section 9.12 deals briefly with 


reactance-coupled quarter-wave filters, 


In this chapter the frequency is introduced everywhere es the 
normalized. frequency, usually denoted by Li bes the ratio of the frequency 
_f to the synchronous frequency Jo. For waveguide filters the ‘normaly zed 
frequency” is to be understoud to refer to che quantity 


NB ons the ratio 


of the guide wavelength Se at the frequency of synchronous tuning, to 


the guide wavelength Ms (For example, an experimental waveguide filter 
is described in Sec. 9.07.) 


SEC. 9.02, FILTERS WITH IMPEDANCE STEPS AND 
; IMPEDANCE INVERTERS 


Stepped-impedance filters (quarter-wave transformers and haif-wave 
filters) have been treated in Chapter 6. This section points out their 
equivalence to filters with impedance inverters, and, serves as an 


introduction to the design of wide-band reactance-coupled half-wave 


filters. 


An impedance (or admittance) step [Fig. 95024) Capi ean always be re- 
placed by an impedance (or admittance) inverter [hig. 9,02-1(b) and (c)} 
without affecting the filter response curve, provided that the Input and 
output ports are properly terminated. Thus the two types of circuit i. 
Fig. 9.02-)} are entirely equivalent as a starting point for the design 
of filters, The impedance-inverter (or admittance-inverter) peint of 
view [Fig’ 9,02-Ps) and (e}) vas thé smote natural one to adopt in 
Chapter 8 to convert: the lumped-constant low-pass prototype of Chapter 4 
into a transmission-line filter; whereas in this chapter a stepped- 
rmpedance-filter point of view is more convenient to utilize directly the 


destgn data of Chapter 6. 


The stepped-impedance filter is turned into a reactance-coupled filter 
by replacing cach impedance siep with a reactance having the same 


discontinuity-VSWR and spacing the reactances to obtain synchronous tuning 


313 


Zo Z, 22 ty Zn Zonet 
“vi Ve Vy ipa) Va Vn et 
z, Z-4 
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(EQUIVALENTLY, USE ACMITTANCES ~, * 72,) 


(a) HALF-WAVE FILTER WITH STEPPED IMPEDANCES 


ee ini cec 


Zo Zo Kaeil Zo 


K, + IMPEDANCE INVERTER PARAMETER in = 
Yi 


(b) HALF-WAVE FILTER WITH SOEAL IMPEDANCE INVERTERS 


PR bP 


J, ° ADMITTANCE INVERTER PARAMETER © je 
Vi 


(c) HALE-WAVE FILTER WITH IDEAL ADMITTANCE INVERTERS 


% @ dsr7 2d 


FIG. 9.02-1 A STEPPED-IMP EDANCE HALF-WAVE FILTER, AND 
EQUIVALENT FILTERS USING IMPEDANCE OR 
ADMITTANCE INVERTERS 
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(Sec. 9/03). The step-VSWKs wil] fenerally be obtained from Chapter 6, 
For narrow-band filters Eq. (6.09-2) may be used, This is equivalent 
(through Figs 9907-1) 0 te the formulas in Pig Ba0S- tas the normalized 
inverter parameters Re oar Other equivalent circuits for impedance 
inverters Suitable for narrow-band filter design are Biven in Sec, S203 
but we shall be concerned in this chapter only with the shunt-inductance 


Of Fig: 850321(e). and the Series-capacitance of Fig. 8.03-2(d). 


One important difference in approach between this chapter and 
Chapter 8 is that in this chapter the Starting point or Prototype circuit 
1S one cf the circuits in Eli Oe 00 me (whee Synthesis is precisely con- 
trolled), whereas in Chapter 8 the exact synthesjs is pushed. back one 
Stage to the lumped-constant prototype circuit of Chapter 4. For example, 
the performance of the circuits shown in Fig, 9.02-1(b), (c), having ideal 
inverters, would not give exactly the Prescribed response if designed by 
the methods of Chapter 8 (althongh the approximations would be very close 
for narrow or moderate bandwidths). However, the circuits in Fig. 9.02-1(b), 
Cc) have transmission characteristics identical to those of the half-wave 


filter in Fig. 9.02-1(a). 


The other important difference over the previous chapter is that the 
frequency -behavior of the reactive discontinuities (shunt-inductances or 
Series-capacitances) iS examined in deCag eae Tie behavior of the discon- 
tinuities leads to increasing distortion of the filter response (e.g.) 
pess-band bandwidth and Stop-hand AULenusety on), wes tic frequency spread 
1S Increased, This type of consideration can be left Out in the design 
Of Ratcov-hand filters thereby simplifying the design Process considerably, 
Nowever, it is important to predict the distertion for filters having 


large bandwidths. 


A THEN awe transformer and the notatica associated wrth rece 
shown tn Fig, ea te, Sis Thecharaeterist ics of maxinelly flac and 
Tohebyscheff Tie RGEC ow awe Tita nsfocmetellrr e sketched in Pipe 2050929" 

Closely related to the quarter-wave transformer is the Stepped -inpedance 
half-wave filter (See GU04 } sketched jin aia pee. Its characteristics, 
shown in Fig. 9.02.5 SES ina Lrmivamtihe sein f the quarter-wave transformer, 
shown in tg wu gon. If the impedance Steps or junction VSWRs 

Wea ed CA Ren oe ye Bee of @ quarter-waye transformer and a Stepped - 
apedance had f-wave fj] tev are Ue same, then the characteristics of the 


latter can be obtained from those of the former by bel ana change of 
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FIG. 9.02-2 QUARTER-WAVE TRANSFORMER USED AS 
PROTOTYPE CIRCUIT 
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FIG. 9.02-3 QUARTER-WAVE TRANSFORMER CHARACTERISTICS 
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FIG. 9.02-4 STEPPED HALF-WAVE FILTER USED AS PROTOTYPE 
CIRCUIT . 
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FIG. 9.02-5 STEPPED HALF-WAVE FIL TER CHARACTERISTICS 


scale on the frequency axis; the stepped-impedance half-wave filter 


bandwidth becomes one-half the quarter-wave trans former bandwidth. 


The parameter Rois again defined as the product of the discontinuity 


VSWRs {compare Eq. -(6.03-4)); 


Hae) Ma vieita sat els (9,02-1) 
If the fractional bandwidth wis less than about 20-percent, and if, by 
Eq. (6.09-1), 
(ty 
BPP we} (9,02-2) 
w - 


then the filter may be considered narrow-band; this ‘case will be treated 


in Sec. 9.04. 


The quarter-wave trans former prototype eirenit. 1s suitable (for de - 
signing reaclaie e-coupled filters up to very large bandwidths. As a re- 
sult, it is subject to certain Limitations that do not complicate narrow- 
band design-procedures. It as well to understand these differences at the 
outset. Basacally they arise Fean thre faek: Wats ht ts HOt possible to 
convert the specified performance of the filter into the per formance of” 
the appropriate prototype transformer over large frequency bands by means 
of simple equations or tabulated functions. Instead, the frequency varl- 
ations of the reactive couplings have been used to modify the known response func - 
tions of quarter-wave cransformers to predict the performance of the 
derived filters (Fig. 9, 02-)) over large frequency ranges. Thus it 3s 
possible from the graphs to quickly calculate ibe principal filter char- 
acteristics ‘from the transformer characteristics, but not the other way 
around, as would be more desirable. In che case of wide-band designs 
where the CariAcraunlof FEAGusvVe coupling across the pass band is appre- 
ciable, it 15 necessary first to guess what prototype should) bevused / and 
then to match the predicted filter pes formance against the spec fied 
filter performance, if they are not close enough, the process must be re- 
peated with another prototype.. What makes this method feasible and prac- 
tical is the speed with which, by means of the design graphs, this 
prediction can be made, Most of these design graphs will be presented 


in Sec. 9.08. 


SiGe 


9.03, SYNCHRONOUSLY TUNED REACTANCE-COUPLED HALF-WAVE 
FILTERS 


Band-puss filters of the two configurations shown in Fig. 9.03-1 


are of considerable practical importance since they are easily rea 
in practice. These two circuits are duals of each other: the fir 
shown in Fig. 9.03-1(4), consists of a number of series capacitance 
alternating with a number of transmission-line sections; the secon 
shown ‘in Fig. 9,03-1(b), consists of a number of shunt inductances 
nating with a number of transmission-tine sections. Both filters 
in Fig. 9.03-1 will be called reactance-coupled half-wave filters 
the sense that all line lengths between reactances approach one-ha 
wavelength (or a multiple thereof) as the couplings become weak. 
line length between discontinuities constitutes a resonator, so th 
filters in Fig. 9.03-1 have n resonators. Notice that the series 
in Fig. 9,03-l(a) are stipulated to be capacitances, that 1s, thei 


ceptances are supposed to be positive and proportional to frequenc 
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FIG. 9.03-1 REACTANCE-COUPLED HALF-WAVE FILTERS ’ 
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Similarly, the shunt elements in Pag. 9.038-i(b) are stipulated to be in- 
ductances, that is, their reactances are supposed to be positive and 
proportional to frequency. (If the transmission line is dispersive, these 
statements are Clo be modified by replacing frequency by reciprocal guide 


wavelength. ) 


All the filters described in this chapter are synchronous ly tuned as 
delinedo unser. 6.04; that is, all discontinuities are so spaced that the 
reflections from any two adjacewt discontinuities are phased to give maxi- 
mum cancellation at a fixed frequency (the synchronous. frequency) in the 
pass band. At the synchronous frequency the filter is interchangeable 
with a siepped- impedance half-wave filter (Sec. 6.03), and the ith reactive 
“discontinuity has the same discontinuity VSWK, Voi as the ith impedance 
step. !? Impedances are Caen ORL EDS CEL eS: meee anes coupled Filter m 
Fig. 9.03-14a), and admittances for the shunt -susceptaace coupled filter 


Oy File 1 GsOs- bubs then, tet 


Peto: Y, 
h Sa) ee gy Ra (9.03-1) 
: FANN Teeny 
s- 1 r-t 
and 
x, B, 
1 ping date ate bei aah ee mae (903-2) 
Zi-4 Yieuy 
Most frequently A, - 1, since usually this is mechanically the most con- 


venient. Sometimes it may be advantageous for electrical or mechnical 
reasons to make some of the characteristhe pmpedance ratios h, different 
froneunily. bor ynStanes, it may be desirable to combine the filter with 
an impedance transformer instead of cascading @ filter with .a separate 
transformer; also, in some cases the filter performance can he improved 


appreciably when the valucs of h, are selectedicarefally,: as Fu Reon ee dks 


i mae : \ r 
The u, of the Penerouce: coupled) tritex ss eRcaiwed: fpom tle” 6504 


the stepped- impedance filter (Chapter 6), and the h,, from 


aa anne 


i 
Ue Hy, SON ROT Lee oy Wie (9, 03-3) 
ieee 


qn 
t 
n 


A-35927- 366 


FIG. 9.03-2. SHUNT SUSCEPTANCE (or Series Reactance) AS A 
FUNCTION OF DISCONTINUITY VSWR FGR SEVERAL 
~ CHARACTERISTIC ADMITTANCE (or Impedance) 
RATIOS, h 


the graph of Fig. 9.0322) gives same solutions of this equation. Generally 
it will be most convenient to select h, = 1 (that is, all Zen oF Y equal), 


and then Eq. (9,03-3) simplifies to 


a } 
we = Vie Banas! ° (9.03-4) 
VV 


The spacings @. in Fig. 9.03-1 are determined as follows:'? 4 single 
discontinuity of a series-reactance coupled filter is shown in Fi go 9 eG3ee 
Ge similar notation, but with Y for Z and B for X, applies to a shunpeenee 
ceptance coupled filter.) It represents the ith discontinuity of the 


filter (Figy¢97 02-1): Jif therre(leetion coefficients of this discontinuity 
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in the two reference planes : v i. ¥ ' 
j~----~-- FU See 
shown are to be pure imaginary 1 | 7 
ea ! 
quantities,'? then one has to set 1 
—_———_$——_—t———__ fe 
24 2 I 
yt 1 i [a 5 hj mk ) zi, X,su,2,., 1 2; on, 
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2 \ 2u, { ag 
ae a, 
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(9. 03-5) | SiGe, WHERE THe, DISCONTINUITY 
REFLECTION COEFFICIENTS ARE 
PURE IMAGINARY. 
1 /y? + } ~h? ight 3 
%, id Ri ahaa oh u j ioe FIG. 9.033 SERIES-REACTANCE COUPLING 
: Tht ey OF TWO LINES WITH DIFFERENT 


CHARACTERISTIC IMPEDANCES 
(9.03-6) 


The spacings v in Fig. 9.03-1 are now given (in radians) by 


n ’ 
os = 7m + yr + all a (9,03-7) 
When h, = 1, these equations reduce to 
ye x yy" I Pine ry arc tan Ws (9.03-8) 
and then* 
nN 
EPaha paver ve 
nN 1 Mn Bren 
einer i aec tan (me + arc tan gre) (9. 03-9) 
Ph Ue: vie Din 


q 2 ey 
=s W--7 jarc tan{ ——})?+t are Can a 
2. ue Bini / 


ee 


© These equations are equivalent to Eqs. (5) of Figs. 8.05-3 ead &.06-1. 
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SEG. 9.04, NARROW-BAND WALF-WAVE FELTERS 


The main application of this chapter 1s to wide-band filters. How- 
ever, since the design of narrow-band filters is simpler, it will be 
convenient to use the narrow-band case to illustrate the method in its 


simplest form. 


When the impedance-steps of a awarrow-band (Sec. 9.01) stepped- 
impedance half-wave filter (Sec. 6.03) are replaced by reactances having 
the same discontinuity-VSWhs, and the filter is again synchronously 
tuned (Sec. 9.63), then there is little change in the characteristics of 
the filter in and near the pass-band region, All the formulas necessary 
to curry out this conversion have been given in Sec. 9.03., Tt 18 not 
necessary to maintain uniform line impedance (all Z, or Y, the same), 


but it is usually convenient to do so. 


For narrow-band filters, both quarter-wave transformers and lumped- 
constant low-pass filters will serve as a prototype, and the conversion 
from either prototype into the octual filter 1s equally convenient. The 


choice of pretetype depends on two factors: : 


(1) Which prototype results in a filter that meets the design 
specifications more closely, and 


(2) Which prototype design is more readily available. 


The quarter-wave transformer is better as regards Point (1), but the 
difference in accuracy 18 usually negligible for narrow-band filters; 
the lumped-constant low-pass filter, on the other hand, is generally 
more convenient as regards (2). The reason: for this is ‘that explier® 
formulas exist for the lumped-coustant low-pass filter of n elements 
(Chapter 4), whereas the numerical design of trensfermers demands great 
arithmetical accuracy, and becomes convenient:only for those cases where 


the solutions have been tabulated (Chapter 6). 


A lumped-constant low-pass filter (Chapter 4) can serve as a proto- 


type cireuit: for a narrow-band stepped-impedance half-wave filter, 


Equations (6.09-2) with the substitution oie: 2w, reduce to 
' 
2 Bt ai 
, , 7 fis 
A) ee) ae Oper 
(9, 04-1) 
‘i wi? 
V Waa BeBe when 2 < t Sn 
‘ 2 2 t t aa 
7 w 


where w is the fractional bandwidth of the narrow-band half-wave falter. 
The reactances are then obtained from Eq. (9.03-3) or (9.03-4) and the 
spacings from Eq. (9,03-5) through (9.03-9). The low-pass prototype 
‘filter is here assumed to be cither symmetric or antimetric (Sec. 4.05), 
and element values for maximally flac and Tehebyscheff prototypes of this 
type can be found in Sec. 4.05. The parameter wy as the cutoff frequency 


of the low-pass prototype filter. 


Example--1t is desired to design a reactance-coupled half-wave filter 
to have a pass-band VSWR of better than 1.10 over a PO-percent: bandseidch, 
and to have at least 25 db of attenuetion at a frequency 10 percent above 


band center (ice., twiee as far out as the desired band-edge). 


This filter can be considered narrow-band, and may be based on « loa- 


pass prototype cireuit (See. 4.05), since the ripple VSWK of 1L40 exceeds 


the quantity 1} ¢ (Dw)? = 1.04, as mentioned in Sec. 9.01. 


We must next determine the minimum number of resonators with which 
these specifications can be met. Selectang a quarter-wave taansformer of 
fractional bandwidth A a O20 oC Sindc 8s Onl 0) andiwweh Moos OD the 
attenuation at twice the band-edge frequency-inerement (see the first 
example in See. 6.09) ts 24.5 db for n = § sections and 35.5 db for 
n= 6 sections. Since the filter attenuation at the corresponding fre- 
quency above the pass- band wil. be somewhat less than it was, n= 5 1s 
certainly not enough resonators. We then tentatively select a =o. It 
will be shown in Sec. 9.08 that the attenaation‘’in the stop band of the 
narrow-band reactance-coupled half-wave filter of Pig. 9.03-1 differs 
from the attenuation of the narrow-band stepped-impedance half-save filter 
of Sec. 6.09 by approximate ly 


I 


AL, ee RE Oe te 9 te) 1B oy db (9. 0-4-2) 


whereas fg is the normalized frequency (the ratio of che frequency fote 
the center frequency L5): Thais NS, has toe be added to the attenuation 
of the stepped-impedance filter to give the attenuation of the reactance- 


coupled filter. 


Let us, for instance, calculate the attenuation (ry AUS Seo sate 


5c “1,10. Using Eq. (9.04-2), with n = 6, 


AL, sr Ox logy 9 CPS) ese oe oad (9, 04-3) 


which shows that the filter attenuation is 5.8 db less than the atten- 
uation of the half-wave stepped filter at f = 1.1 fg, that is, 

35.5 - 5.8 = 29,7 db. This exceeds the 25-db attenuation speci fied, 
which confirms our choice of n = 6. The discontinuity VSWRs are then 
given by Eq. (6.09-4). Taking che shunt-inductance-coupled filter of 
Fig. 9.03-1, with all Y, equal to YQ, yields 


B, B, 
Sa i ee tO 
YY Y, : 
B, B, 
Taree ene et OS 
Yo Yo 
(9.04-4) 

B, B. 
Se Sa a Yh 
Yo 0 

B, 

ps =100 E54 

Yo 

and from Eq. (9.03-9), 

CU IA Tel Gadegrees 
Ona (26. 2 loo siladegrees (9.04-5) 
O, = Oo) = 168.5] degrees . 


This Cittee was analyzed and its computed response its shown in 
Fig. 9.04-1 (solid line) together with the computed response of the 
stepped-impedance half-wave filter (broken tine). (The steppeod-iepedance 
half-wave filter has the same characteristics as the quarter-wave trans- 
former, except for a linear change of seale, by a factor of 2 along the 
frequency axis.) It is seen that the band edges of the filter and its 
stepped-imnpedance half-wave filter prototype very nearly cormerde aud 


that the peak ripples in the two pass bands are nearly the sowe herghe. 
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The VSWR ripple in the pass band is very close to i.10. © The quarter- 
wave transformer design is itself only  spproximate, and the ripple heights 
(broken line, top of Fig. 9.04-1) are not exactly the same, since the trans- 
former was designed from a lamped-constant low-pass prototype (first ex- 


ample in Sec. 6.09). The causes 


80; ram 


of imperfection in the filter 
response in Fig. 9.04-1 may in 


this case be ascribed partly to 


(1) the imperfect quarter-wave 


10-995. 16 +105 / 


transformer response, since the bor 
NORMALIZED. FREQUENCY — ¢ / 


transformer was derived by an 


REACTANCE - COUPLED / 
HALF - WAVE FILTER 


approximation from a lumped- 


constant circuit, and partly to 


a 
: 5 bs ene STEPPED HALF - WAVE / 
(2) the further approximation } 40 ; FILTER PROTOTYPE / 
involved in deriving the filter by \ 
with its unequal spacings and 
frequency-sensitive couphings 
from the transformer. 
20 

With regard to the imper- 
fect quarter-wave transformer 
response, there is clearly 
little room for improvement, 4s 0 eb aaron i 

- as5 O39 0.95 10 105 i} us 
can be seen from Fig. 9.04-1. NORMALIZED FREQUENCY — f/f 
KA am : p- 3827-376 

As for the further approxima- 
tions involved, one could ad- FIG. 9.04-1 CHARACTERISTICS OF A SIX- 
just the line characteristic . RESONATOR FILTER AND 17S 


- STEPPED-IMP EDANCE HALF- 
WAVE FILTER PROTOTYPE 


impedances to improve the per- 
formance (as is explained in 
Sec. 9.11), but this would also result in only a very small improvement. 


These adjustments were not considered further in the present example. 


The attenuation of the filter at f/fy = 1.1 had been predicted from 
Eq. (9.04-2) to be 29.7 db. This gives one of the circle points in 
Fig. 9.04-1, and falls very close to the curve computed by analysis of 
\ 


the filter (solid line); other points predicted using Eq. (9.04-2) also 


fall very close to this computed curve. 
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® 
SEC. 9.05, PRACTICAL REALIZATION OF REACTIVE COUPLINGS 


§.-Series-capacitive coupling can be realized 


Series Capacitances 
easily in coaxial line or strip transmission line by breaking the inner 
conductor as shown in Fig. 9,05-1. The &62p-spacing is controlled to pro- 
duce the desired capacitance. When air dielectric is ased, filters 


-coupled by series capacitances should have lower dissipation losses than 


DIELECTRIC 
OIELECTRIC WO. 3 DIELECTRIC NO 2 SPACER 
(c) (d) o 
X 
<< 4 
A-39527-358 


SOURCE: Quarterly Progress Report 5, Contract DA 36-034, Si: 87298, SRI; 
reprinted in she Vicrowave Journal (Sce Hef. 4 by Les Young). 


FIG. 9.05-} REALIZATION OF SERIES-CAPACIT ANCE 
REACTANCE-COUPLED HALF-WAVE FILTERS 
(a) Filter in Coaxial Line 
{&) Filter in Strip Transmission Line 
(c) and (d) Series Capacitance in Coaxial Line 
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filters using shunt inductive posts or irises (coysidc¢ red: below), be- 


cause of their ohmic losses. 


The gap spacing “hav will produce the desired coupt i ng can be deter- 
mined either experimentally or theoretically. Experimentally one can 
proceed as follows: The desired VSWR of each discomtinuity is, by def- 
inition, equal to the junction VSWR of the correspondisg step of ihe 
prototype transformer. The VSWR-versus-gap-spacing ¢urve can be deter- 
mined: experimentally by direct measurement, oF by measuring attenuation, 
or by using two identical gaps to obtain resonance and measuring the 3 db 
bandwidth. The curve can then be plotted for the particular transinission 
line at the synchronous Frequency of the pass band. The desired gap 


spacings are read off from this curve. 


In general it would be difficult to calculate the capacitance of a 
gap for arbitrary cross-sectional shape. however good approximations 
for the circular iener conductor inside a circular outer conductor 


(Fig. 9.05-1) can be obtained in the following two ways. 


The first approximation is as follows: The inside diameter of the 
outer tube is 8 inches; the diameter of the concentric inner conductor 


is a inches; and the gap spacing is s inches, as shown in Fig. 9.05-2. 


eo = INNER CONDUCTOR OIAMETER 
b&b = OUTER CONDUCTOR DIAMETER 
_g © GAP SPALING 

€, = DIELECTRIC CONSTANT IN GAP 


€,2 DIELECTRIC CONSTANT IN COAXIAL LINE 


A- 3927-339 


SOURCE: Quarterly Progress Report ys Contrect DA 36-039, SC. 87398, SHY, 
reprinted in the Microwave Journal (Sce Ref. 4 by Leo Young). 


FIG. 9.05-2 NOTATION FOR SERIES CAPACITIVE GAP IN 
COAXIAL LINE 
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The following formula is adapted from an approximate formula given by 
Marcuvitz> which is valid when (b - a) <A, s << A, and s << (b ~ a), 
where A is the free-space wavelength. Then 

GstlG BG (9.05-1) 


where 


0.1764 €,,a? 


CA grea pe ofarads : (9.65-2) 
a s 


is the parallel-plate capacitance, 


S49 


Che 0:2245nen arth ( 


l ) picofacads (9.05-3) 


is the fringing capacitance, and €,, and ¢,, are the relative dielectric 
constants of the materials (Fig. 9.05-2). Equations (9,05-2). and -(9.05-3) 


are given also in mks units in Ref. 4. 


Second, a more accurate, but still approximate, estimate of the 
capacitance in Fig. 9.05-2 can be obtained® by Fig. 5.05-9: use the 
curve for ¢/b = 0 and determine the quantity AC/e using the same s/b 
(Mig. 9.95-2) on the abscissa. In Fig. 5.05-9 € is our present Cae 
whieh as the absolute dicicctric constant for Dielectric 2 in Fig. 9.05-2. 
Then the capacitance is given by Fqs. (9.05-1) and (9.05-2) but with 
ha. (9,05-3) replaced by 


NG, 

C, = OF353 € ja e) picofarads (9.05-4) 
€ 

G 


where (AC/e), is the quantity AC/e in Fig. 5.05-9. Both Eqs. (9.05-3) 
and (9,C05-4) tend to underestimate the true capacitance. For d/b<0.1, 
the two approximate formulas for the total capacitance C agree to within 


5 percent. 


Numevieal data for a rectangular strip transmission line with a 


strip cross section 0.184 inch by 0.125 inch is given in Fig. 8. 05-3. 


Example—Find the capacitance of a gap in a coaxial line whose 


dimensions (Fig. 9.05-2) are b = 0.575 inch, a = 0.250 inch, s = 0.025 seam 
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The relative dielectric constant in the gap is €,, = 2.0 and the relative 


dielectric constant between the conductors is Coat DRS Then find the 


normalized reactance at a frequency ef 1.3 Ge. From Eq. (9,05-2), 


C, = 0.882 picofarad (9.05-5) 
and from Eq. (9.05-3) 
CF =. -6.37ispicotarad’ ©. (9.05-6) 


Ces C t C, = P253 preefarads « ($.05-T7) 
The Line impedance is 
5 60 b 
A Ries In — = 31.6 ohms (9. 05-8) 
ae a 


and therefore the normalized reactance at 1.3 Ge 1s 


x 10/7 


0 Dye Xe POO) lO a OSs S16 
(9.05-9) 
= 3.08 


In this case, by Fqs. (9.05-5) and (9.05-6), about three-tenths of 
the total capacitance is due to the fringing fields; as the gap is reduced, 
both C and C, increase, but an increasingly highec proportion of the tota: 


capacitance is due to C , 
Pp 


Filters with series-capacitance couplings were alse treated in 
Sec. 8.65, and have been discussed by Cohn, ? Ragan, © and Torgow. ° The 
sleeve-like coupling shown in Fig. 9.05-1(d) as a short, Opea-circuited 
stub rather than a lumped capacitance. When its length is increased to 


one-quarter wavelength at center frequency, and the connecting lines are 


also made one-quarter wavelength long at center frequency, thea a differ- 
ent type of filter, although stii! with somewhat similar electrical char- 
acteristics, results from this change. This type of tilter has heen 

treated by Matthaei, and constructional details have also been given by 
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Shunt Inductances--Shunt-inductive couplings can easily be realized 
in coaxial line, strip transmission line, and waveguide. Some of the 
common structures are shown in Fig. 9.05-3. Numerical data on some of 


them have been given in Sec. 8.06, and a few further references will be 


mentioned here. 


(o) 


(bd) 


(c) 


A- 3527-360 


FIG. 9.05-3 REALIZATION OF SHUNT-INDUCTANCE 
REACTANCE-COUPLED HALF-WAVE FILTEF 
(a) In Coaxial Line; (b) and (c) In Waveguide 


As long as the obstacles are thin in an axial direction, their re- 
actances are nearly proportional to frequency, of reciprocal guide wave- 
length in dispersive waveguide. In addition, short-circuit stubs also 
behave approximately as inductances when their lengths are we!l below 
one-quarter wavelength. In this case, however, the stub equivalent cir- 
cuit is more complicated than a simple shunt inductance, since the T- 


junction reference plane positions and the coupling ratio all change 
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with frequency, and the stub can then be approximated by a single in- 


ductance only over a limited frequency band. 


Numerical data are ‘available for a single post; for double posts, 
and for four posts in coaxial line,™' as shown in Figs. 9,05-3(a) and 
9.05-4. Data on shunt-inductive irises (Fig. 9,05-3(b)) and a single 
center post in waveguide are graphed in Figs. 8.06-2 and 8.06-3. As 
shown in Fig. 9.05-3(c), one can utso use double symmetrical posts, 
equally spaced triple posts,® and even more than three equally spaced 
posts® in-waveguide. Data on strip-line shunt-inductive stubs are 


- given in Figs. 8.08-2(a), (b) to &.08-4(a), (b). 


(0) {b) (c) 


A-3527- Se 


FIG. 9.05-4 CROSS-SECTIONAL VIEW OF ROUND SHUNT- 
INDUCTIVE POSTS IN COAXIAL LINE 
(a) Single Post, (b) Two Posts, (c) Four Posts 


As long as all of these discontinuities can be represented by shunt 
Paductances=-that is ‘to say by positive reactances whose reactance values 
are proportional to frequency or to reciprocal guide wavelength—the de- 


sign data reported here apply up to very large bandwidths. 


SEC. 9.06, SOME STANDARD EZE0 PSEUDO-HIGH-PASS FILTER DESIGNS 


A problem frequently encountered is the design of a high-pass ‘alter 
with capacitive couplings of the type shown in Fig. 9.03-1. Actually, 
this filter is not high-pass but band-pass; however, for large bandwidths 
the upper stop band becomes vestigial, because the series reactances u*- 
minish rapidly with increasing frequency. Such a filter may therefore be 
called pseudo-high-pass. tn the past it has usually been designed on an 
image- impedance basis (See Chapter 3}, often leading to increasing ripple 
amplitude in the pass band near the cutoff frequency (iower band edge}. 

An equal-ripple characteristic would generally ‘be preferable, e systematic 


design procedure for equal-ripple wide-band filters is given in this chapter. 
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The fractronal bandwidth, wv, of nondispersive filters is defined 


Bey 
vs z( : ) (9.06-1) 


us in Chapter 6, by. 


Sahih 


x (> " | i 0 
ACES (9, 06-2) 


where f, and f, re the lower and upper pass-band edge frequencies, and 


ane and A, are the corresponding wavelengths. For dispersive filters, 


guide wavelength has to be substituted in Eq. (9.06-2), and then 


ed 
oe { be ) (906-3) 
ul ~ ; . = B5 - 

8 Ls 


The design of an eight-resonator (i.e, n = 8) filter with 0.1-db 


pass-band ripple and fractional bandwidth 0.85 is treated in the last ex- 
ample of See. 9,09. (A fractional bandwidth of 0.85 corresponds to fo/f, a 2.5.) 
Its normalized series reactances X/Z, (or shunt susceptances B /Y,) were 
found ton bel. On 908.5 02149516 026 1 Ope Ong Orme Cs ie, =0. 700, OSG Tes 
0.4495 and -0.2998. Since the three central elements were so nearly 
alike, they were each set equal to 0.710 for the present purpose. The 
responses of several filters with normalized series reactances (or shunt 
susceptances) ~0.2998, -0,4495, HO LG) se oO pihOe 20 a 10. 2 te 0 cule 
0.613, -0.4495, —0.2998 were then analyzed numerically on a digital 
computer. Since all Z, are the same, then by Eq. (9.03-9) the line 
fengths are 100,60, 104.85, (08.29, 109594) a7 109,54. 108: 29,7 10 tages 
and 100.60 electrical degrees. When eight ot more resonator lines are 
used, involving three or more identical central elements, the filter may 
be thought of as a periodic structure with three (instead of the usual 
ove) impedance-matching resonators at each end. The performance of five 
such filters with eight, nine, ten, twelve, and fifteen vesonators 1s 
shown in Figs. &,06-1 and 9,06-2. It is seen that the computed perform- 
ance closely eeu the predicted one: only in the fifteen-resonator filter 
(which contains ten identical coupling reactanees) are there any ripples 
appreciably greater than 0.1 db, and even then there are only two large 


~ 


ripples, one just inside each band edge (Fig. 9.06-1). 
vi 3 K B 
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i, —<=db 


Des tae 


ay tessa 


oO ‘ Mee ‘ “oF aie mit 4 . 2 if -> 
OG OG (07, $087 109 “TOUT C27 7S 14 15 t6 7 
NORMALIZED FREQUENCY — f/fo 


B- 3827-356 


SOURGE: Quarterly Mrogress Report 5, Contract NA 30-039, SC 87398, 
SRi; reprinted in the Microwave Journal (See Ref. bz by 


Leo Young and i. Vie Schiffman). 


FIG. 9.06-1 PASS-BAND RESPONSE OF FIVE PSEUDO- 
HIGH-PASS FILTERS 


539 


t 
+ 
‘ 
‘ 


wt eee 


mp et tee 


+ ho oe ee 


a as 


t 
i 


? 


qrte tte 


* 


bed eneeene 


ee anes 


eee 


te ete 


eaowes 
ts 

«~ + 

dey seeet ees 
{wre g 


} 
tapi e ny ene 


prc tree e 


cary 
+ 


be te 
pote ee ee 
to-do eee 
pot bret 


tien! $y oie 6) ye 


a beter ere 
EE SSp MERE 


i 

3 Oc 
t 
eee 
i 
iS 
oa 


feb dee 
as 


ITE ye 
Unineaban 
Ses 

Reesor ea 

ee eae 

sete 
es eae on oars 
ees plbeeato 

See Sane 

See eer 


corre 
te ee 
Sas 
chtee 
fitveny t 
ae ace 
tt pede 
pee ed ks 


+34 
bet 
cat 
ras 
Ry gies: 
hee 
ttt 
ahee 


tee eee tee 
tbesereces 


ee 
a ey soe rn aoe rs whee eee 
{ - 5 


SSOP 0 tw b be e048 see 
eran ee ee er 
q-+ys 6 ‘ Leste ged pews aencee 
rere Sa ars wiht ont <6 b gree ie ob 
rehearse reece ae ae 
eed ao eee eee eb ebb ee ope 
Hise e eee berber pa bed ane ehoe 
enh obi y a Pee oe We er ae ae ad 


ce PRR VS RR DRE ee 
+ + +r eree +0 $99 0 hort 
oe et ee a ee oe ee 
y rere! (AE ey egy SUE 
; j OED OU BS SOE See 
: Rote Ges SAM 
: Sedat Teeeeaeawes anil von 
> ee Se ee 
; Fea ien snes hae oak 


pester ree 


i 
Ss 


te 2 


0.3 


NORMALIZED FREQUENCY — t/fo 


@-3527-335? 


Contract NA 36-039, SC 87393, SRI; 


reprinted in the Microwave Journal (See Ref. 17 by Leo Young 


Quarterly Progress Report 5, 


OURCE: 


Ss 


M. Schiffman). 


aid B. 


SPONSE OF FIVE PSEUDO-HIGH-PASS FILTERS 


2 STOP-BAND RE 


FIG. 9.06- 


540 


The rate of cutoff ‘(ekiee eElecery ity) a as the number of 


resonators is increased, as can be seen. front big. 906-2, ine reasing by 


approximately the same number of decibels per resonator added, Since 


upper stop band is ‘not particularly useful, ‘these filters will find appli- 


cation as high-pass rather than as band- pass filters. 


SEC. 9,07,...AN EXPERIMENTAL WEDE-BAND WAVEGUIDE FILTER 


In order to test the performance of the pseudo-high-pass filter 
described in Sec. 9,06, a six-cavity filter derived from the erght- 


cavity design of Seé. 9.09 was constructed in waveguide. Because, all 


of the central cavities have been removed, the six-cavity design is the 


smallest possible filter of the group of periodic structures with thrée 


matching resonators on each end. The end three shunt susceptances, the 


single shunt susceptance in the center, and the line lengths ace unchanged. 


PAOLO ue, re 


Re 


A photograph of the wavepuide filter iS shown in bh 
this design, WR-137 waveguide (4.372 inches °* 0.622: inch T.t).) was used 
and the lower cutoff frequency Ae Chasen enbe tpadtiGc,. seh: bs. Wed d 


above the waveguide cutoff frequency of 283 Gel The mippery band edge 


9.0 Ge and the design center frequency 1s 6.8 Gc.) The shunt susceptances 


are symmetrical irises 0.020 inch thick designed cee the aid of graphs 


in Pig. 8.06-2¢b). 


An empirical adjustment was made to allow for the iris thickness, 


namely, the aperture d (Fig. 8.06-2) was increased by 0.920 inch, (an 


amount equal to the iris thickuess). > bt iscknown wha bt the shunt suscep- 


tance of a waveguide irts is nut an exact jinear funciion of guide wave- 


length; the iris vnductances cannot therefore be tceated as constants 
independent. of frequency. Since the most important jsing te frequency 


a high-pass filter is the lower cutoff. f requcneyy abe aes suscep t vm 


were made) to cormeide; with the vallaes! off Che ides mein! Sus aKa s: a yy ikea 


(the lower band-edge/ or cutoff frequency ) rather: than at 0.98 be 
Center) auithe vesponserof whe filioer was then computed using the or 
in Fig. 8.06-2(b) to obtain the numerical vies af the sbuat aoe 
at each fvequency. Tt was found that. the computed gah fheceace. 

ance between the physically more cealistic #£ilter (based 

and the one assuming constant ris Anductance, Livesey Staceplan 
tional to guide wavelength) coutd hardly have heen detected es; 

We therefore conclude that the irises might equally well have 
to have the correct valuss at the band center. 


&47y 
ao B 


“ : 
| : i | ’ | j | 
° Viki 2 3 


RP-3527-634_ 


FIG. 9.07-1 EXPERIMENTAL WAVEGUIDE FILTER FOR C-BAND 


The widths of the iris-openings for the experimental Six-cavity 
filter (starting ai one end and going towards the center) are 1.026, 
0.958, 0.898, and 0.870 inch, respectively. The cavity lengths (again 
starting from one end) are O262:6,.0 0 s653reean GeO gat inch respectively. 
Insertion loss and VSW measurements were made, and the regula were as 
shown in Fig. 9.07-2. While the general shape of the computed response 
curve® was followed remarkably: well by the measured points, a slight shift 
toward the higher-frequency region is evident. This may be due in part 
to the fact that cavity lengths were measured between center tines of the 


0.020-anch irises with no allowance for iris thickness. 


—— -—————_—_-—————— 


* The coaputed curve shown was programmed for constuat inductance, t.e., susceptance diicectly 
proportional to guide wavelength. 
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FIG. 9.07-2 COMPUTED AND MEASURED PASS-BAND RESPONSE OF 
SIX-RESONATOR EXPERIMENTAL. FILTER FOR C-BAND 


SEC. O08, DESIGN FOR SPECIFIED BAND EDGES AND STOP - BAND 
ATTENUATION 

Typical ehardcren shies, of .ayquanlenonave transformer and the reac- 
tively coupled fiiter derived from it are shown in Fig. 9. 08-1. The 
transformer prototype has a symmetrical response (broken bine) on a Viste 
quency scale. Denoting its band edges by t; and fs (Fig. @.08-1), the 
fie puency of synchronous operation (Sec. 9.03) is also the mean or center 
frequency, 

thy Eg 
pens aa) : (9.08-1) 


9’ 


The response 15 symmetrical about fs When the impedance >teps of the 
cransformer (Chapter 6) are replaced by series capacitances oF shunt in- 
ductances, then the new response ss as indicated by the solid dine in 


Fig. 9.08-1. The following general changes should be noted: 
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———-—— FILTER 


QUARTER—WAVE 
TRFR. PROTOTYPE 


—_— oe 


FREQUENCY 


2 i i] ¢ 4 
SYNCHRCNOUS FREQUENCY :  f* 5 (F, + t2) 


FILTER MEAN FREQUENCY : (+3 (t, + ¢,) 
a-3927- 369 


FIG. 9.08-1 GENERAL CiiARACTERISTICS OF REACTANCE-COUPLED 
HALF-WAVE FILTER AND QUARTER-WAVE TRANSFORMER 
WITH SAME DISCONTINUITY ¥YSWRs AND SAME 
SYNCHRONOUS FREQUENCY 


(1) The bandwidth has contracted. (For smal} bandwidths this 
is the only change of major concern. ) 


(2) The lower band edge has contracted Cis to f,) more than the 
upper band edge (f, to f,). If both the transformer and 
the filter have the same synchronous frequency fg, then 
the new mean frequency (defined as the arithmetic mean of 
f, and f,) 

fio ess 


Sie 9.08-2 
ise 5 ( ) 


is greater than f), the frequency ef synchronous tuning. 
Also, the two curves in the upper stop band cross each 
other, and the response ts not symmetrical about f,. 


(3) he ripple amplitude inside the pass band, for a 
Tchebyscheff filter, has not changed appreciably. (This 
is not indicated in Fig. 9.08-1.) 
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Bandwidth Contruction--We shal! define the fractional bandwidth w 
of the filter in the usual way by 
foie 


wv = - : -  (9,08-3) 
ie : | 


The fractional bandwidth w) of the transformer i3 


{girth 


Was ee j (9. 08-4) 
¥ 0 
The pandwidth contraction factor Bas then defined by 
; w 
OER BAS) (9. 08-5) 
vs , 


and can be obtained from the graphs given in Fig. 9.08-2 as a function 
of R, the ratio (greater than one) of the output impedance to the input 
impedance of the transformer prototype. For narrow bandwidths, the pass 
hand is nearly symmetrical on a frequency scale, and so the bandwidth 
also determines the band edges. (For narrow-band filters, B will be close 
to 0.5, as in the example in Sec. 9.04.) . For wide-band filters, the band- 
width contraction does not give the whole storv, 1d one has to consider 


the movement of the two band edges separately, as will now be shown. 


Pass-Band Distortion--It will be shown in Sec. 9.10 that one would 
expect the response to be approximately symmetrical when plotted not 


against frequency, but against the quantity 


Af f = fo 
uae Pika (9, 08-6) 
fire lian 


Peesioun in rig. 9208-27 and: that for highly selective filters (filters 
corresponding to large transformer output-to-input impedance ratio, Ry, 


the exponent @ is given approximately by 


i 
gue At Clargerh) (9.08-7) 
Rn ; 
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NUMBER OF SECTIONS —— A 


&-3927- 370 


FIG. 9.08-2 BANDWIDTH CONTRACTION FACTOR BASA 
FUNCTION OF n (Number of Resonators) AND R 
(Discontinuity-VSWR Product) - 


Al. t= 
GR iS 


ATT ERUATION 


a, C2] he? ~Ry 
A- 3827-97 


FIG. 9.08-3 A METHOD OF TRANSFORMING THE 
FREQUENCY VARIABLE. TO OBTAIN AN 
APPROXIMATELY SYMMETRICAL FILTER 
CHARACTERISTIC 
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where n is the number of transformer sections or filter resonators. (The 
case @= 1; corresponding to large nx, leads to a symmetrical response on 
a wavelength scale, as previously noted by Cohn, ? using different 


arguments. ) 


When Ro approaches unity, @ will approach zero for synchronous filters 
for ail a, regardless of the frequency dependence of the couplings. Thus 
any curve in Fig. 9,08-4 must: pass through the origin. Similarly, 

Eq. (9.08-7) supplies the asymptotes for the graph of Frg. 9.08-4. 
Equation (9,08-6) can be made exact for the two band-cdge frequeacies, 


a and fy, hy de fining 


log CN, g (AE ) 
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FIG. 9.08-4 PASS-BAND DISTORTION FACTOR, , VERSUS AVERAGE DISCONTINUITY VSWR, 
Voy. SHOWING THE SOLUTIONS F FOR FOUR 2TEEN PARTICULAR CASES JOINE D 


BY A SMOOTH CURVE 


SAT 


where 


: (9. 08-9) 


| 
Equation (9.08-8) will henceforth be used as the definition of a. The 


parameter a was thus caiculated for fourteen widely different filters 
whose response curves had been computed, having from n = 3-to 8 res- 
onators plus one with n = 1 resonator, and for bandwidths varying from 
narrow (10 percent) through medium to wide (85 percent). These fourteen 
points are plotted in Fig. 9,08-4 against the average discontinnity VSWR, 
Veal ere Ae Cae (9. 08-10) 
It is seen that eleven points can be joined by a smooth curve running 
through or very close to them. The three exceptions are explained as 
follows: One is for n = 1 (see Sec. 9.10), and then by Fy. (9.08-7) one 
would expect @ = 2, which is indeed the case. The other two points, 
shown by triangles, correspond to non-uniform- impedance filters, to be 
dealt with in Sec. 9,11. ~It may be concluded thatthe curve in Fig. 9. 08-4 
can generally be used to obtain the pass-band distortion factor a for 
filters with uniform line impedances (all Z; equal to Z, in Fig. 9.03-1), 


and having more than about a = 3 resonators. 


it can be shown from Eqs. (9.08-8) and (9.08-9) that the frequency 


displacement fees jee 1S given by 


(ene WYie SINE, (: z ) 
prow ae 
where 
~(9,08-11) 


log A = log (Af, /Af) 


= a log (f4/f,) 


c | :) 
a Gala ete ae 
Cane, 
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This equation is. exact when Eq. (9,08-8). is regarded as a definition as. 
it is here. Equation (9,08-11) is plotted in Fig. 9.08-5, showing the 
relative mean-to-synchronous frequency displacement, (f., ~ f9)/f, 23 a 

c 


function of the fractional bandwidth, w, for several values of the 


parameter a, [When a = 0, the displacement (f, ~ fg) is zero.) 


This completes the discussion of the effect on the pass-band edges 
of changing the discontinuities from impedance steps to reactive elements. 


We shall now show how the stop-band attenuation is affected by this change. 


{occ: 
4+--~— 


Bie et ERIS GREG SRS Se ED PEGE CPS QeeesS 
- = a 4 ~ a ~ * wee TT - _ - ; —s - 
eee 3 OG 4 x 

° i ? ~ ~ =~ -e-2 * §o- _ “=e -- 

oe 
: o Ke ad > - eee cbwe wees eve oe 
Bid Ieee Ca nie ee at * 
Fea) RE) ear RC a CO 
Be Ae | area Pe Ao ea a hc huay 
soe —- gues et bere ° 
: 
: 


$= (fm=-fo) [to 


epee eet oe —— 


0.005 Renee af i = o * 
0.004 ES 03a F.-f,-— 


Hey teal Uc Meant, LN Oe Teta Marae 


Se 2 ee te ae piss 
savas ie oe | 

9.001 bt 
Pana fe 0.2 04 0.6 0.8 1.0 
FRACTIONAL BANOWIDTH —— w-Bwg 


FIG. 9.08-5 RELATIVE DISPLACEMENT OF MEAN FREQUENCY 
FROM SYNCHRONOUS FREQUENCY, *, AS A FUNCTION 
OF FRACTIONAL BANDWIDTH FOR SEVERAL VALUES 
OF 2 , 


549 


Stop-Band Attenuation--A simple procedure will be developed for pre- 
dicting the skirt of the falter response, The approximations made are 
such that this prediction holds closely over most of the rising portion 
of the skict, but will be relatively less accurate very elase to the band 
edge, us well as past the first attenuaticn maximum above the pass band; 
these are not serious limitations in practice. (The accuracy obtainable 


will be illustrated by several examples in Secs. 9,09 and 9,11.) 


The excess loss, e, of a stepped-impedance half-wave filter is (see 


Sec. 6.03) 


3 Pri ieete an = 1)? Ti(sin O/j14) 
C Sr sek ae laos gen ero ee (9, 08-12) 
load tt Te ( 1/4) 


where Rois the product of the discontinuity VSWRs 
Ayn) oe (9.08-13) 


at} 


Were, T. is a Tcehebyscheff polynomial of order n and Hy 1S a constant 


(Sec. 6.02), 
aw. 
pee sin( r ) : (9.08-14) 


The response of the reactive-element filter is also given by 
Eq. (9.08-12) except that R is no longer constant, since the V become 
functions of frequency, as a result of the changing susceptances or re- 
actances. Therefore at any frequency f [and for the shunt-susceptance 


filter of Fig. 9.03-1(b)]} 


Lets (BUY)? Clay) cB a) aN find) 
: peer (9,08-15) 
ie CRs)! Gt eee (Bam eC teal) 


vif) = 


when all the Line impedances are equai. (For the series-reaetance filter 


of Fig. 9,02-1(a), substitute (X/Z,) for UE A Des) For larpe enough Vand 
B . . 


, Eq. (9,08-15) reduces approximately to 


VCC) Vamsi dee (9, 08-16) 


BS | STAR Sa ST er re 


This equation is accurate to within 20 percent for |p| > 3; 8 percent 
for \B| > §; 2 percent for |B] > 7; and 1 percent for {B|:> 8. For 
smaller iB, By. (9,08-15) should be used. The numerical solution of. 
Eq. (9.08-15) for f = fy is the curve marked h = | in Fig. 9.03-2. 


The attenuation of the filter on both skirts of the response curve 
may be’ estimated simply and fairly accurately from the known attenuation 
of the transformer prototype, . Using Eq. (9.08-16), R becomes a function 


of frequency such that approximately 


Ree (Pape se eit (9. 08-17) 


and by Eq. (9.08-12) the attenuation will be multiplied by the same factor 
when R is large. [More accurately Eq. (9.08-15) rather than kq. (9.08-16) 
should be used when some of the V, are small.] ‘Thus to estimate the filter 
attenuation at a specified frequency not too close to the band edge, we may 
first find the transformer attenuation in decibels at the corresponding 
frequency and then add 20(n f }),. bagp, at fight? decibels, as already stated 
in Eq. (9.04-2). 

By the corresponding frequency, we here mean that frequency on the 


quarter-wave transformer characteristic, f', (Fig. 9.08-1) which is ob- 


tained fom a linear scaling 
(9. 08-18) 


or 


Be A ey (9.08-19) 


depending on whether the frequency f is below the lower band edge, fy, 


or above the upper band edge, f, (Fig. 9.08-1). 


The stop-band attenuation of the filter can thus be predicted fairly 
accurately from the prototype transformer characteristic. More often the 
reverse problem has to be solved. Thus the quantities specified may in- 
lude the stop-band attenuation of the filter at some frequency, besides 
(for instance) the pass-band ripple and bandwidth; it is then required 


to find the minimum number of resonators, n, to meet these specifications. 


‘Sol 


This problem can be solved explicitly only for the prototype circuit 
(Chapter 6). To find the number of resonators, n, for the reactively 
coupled half-wave filter to meet @ specified pass-band ripple, ‘band- 
width, and skirt selectivity (stop-band attenuation) requires trial 
solutions in which numbers are assumed for n until the filter meets the 
specifications, Where Eqs. (9.08-17) and (9.04-2) are valid, this can 
be worked out quickly, as illustrated in the example of Sec. 9.04. 
Otherwise Eqs. (9.08-13) and (9.08-15) should be used; the numerical 
solution is facilitated by the graph in Fig. 9.03-2. Usually it is not 
necessary to solve for al] the V,, but to solve only for one average 
discontinuity VSWR, Lies given by Eg. (9.08-10), which saves time in 
making the calculations; this method is used in the last example cf 


Sec. 9.09. 


This completes the necessary background material required for the 
selection of transformer prototypes which will lead to filters of speci- 


fied characteristics. The design procedure will now be summarized. 


Summary of Design Procedure--The design procedure to be followed 


then consists of the following steps: 


(1) From the filter specifications select a quarter-wave 
transformer prototype that may be expected to yield 
a filter with nearly the desired performance. (The 
selected transformer will have the same pass-band 
ripple as specified for the filter.) 


(2) Wetermine £& from Fig. 9.08-2, and so estimate 
w = pe If w is not as specified, repeat with 
another transformer with different bandwidth vs 
until this specification 1s met. 


(3) Determine @ from Fig. 9.08-4, and then 3 = (f_ - LOE 
from -Fige. 908-6. If 47> =f 5) is small, enough to be - 
neglected (as will generally be the case for filters 
below about ]0-pereent bandwidth), omit Steps 4 and §. 


(4) Ef (Cf. - f,) is significant, find f, from 


jogo Uinet yt. (9.08-20) 


This is the synchronous frequency, which is also the 
center freguency of the transformer, 


(5) The upper and lower band-edges, f, and f,, are next 


found from 
4 w 
sae = | ( + 3) 


and (9.08-21) 


(6) The values of the reactances or. susceptances and their 
spacings are given in Eqs. (9.03-1) through (9.03-9), 
and must be determined at the synchronous frequency fo- 


SEC. 9.09, EXAMPLES OF FILTERS HAVING MEDIUM AND LARGE 
BANDWIDTHS. 
In this section, two further examples will be given, illustrating 
the design of a medium-bandwidth (20 percent), and a large-bandwidth 
(85 percent) filter (all of the type shown in Fig. 9.03-1). . Their pre- 
dicted and analyzed performances will be compared to show how accurate the 


method may be expected to be. 


A 20-Percent-Bandwidth Filter--It is required to design a filter wath 
four resonators to have a pass-band VSWR of better than 1.10 over a 20- 


percent bandwidth. 
Thuan © 4, woe OF20, 07" = 1.10. 


Here V) = 1.10 is less than 14) (Qu) eee te bat owot very much less, 
Peferente to Sec. 9,01 suggests that this is a borderline case, for which 
the low-pass prototype will not work too well, but is worth trying. Using 


Eqs. (9.04-1) and (9,03-4), one obtains® 


rc 


* These results could siso be obteined using Eqs. (1) to (5) of Fig. 8.06-1 with ied and 
Xi, +1/70 a Yo/8 i 41 > 2 
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sas Ls g42 
Yo 9 
A,B, 
7 ov ~2.607 - (9,09-1) 
Yo 6 
3s ieee adel; 
Yy 
with 
GO, = 0, = 127.67. degrees 
(9.09-2) 
G8, = O, = 147.24 degrees 


which also corresponds to a quarter-wave transformer or half-wave filter 


that would have 


Vereen Site] 


i 5 
ee ay eis ROLES, (9.09-3) 
V5 eta 6807 


The produce R = ViV,-.-V, is equal to 6215 which is only about ten times 
(bit =) (1/052) 35 = 6255 witch confi res cehat this is a borderline case. 


(See Eq. (9.62-2) and Sec. 6.09. ]j 


The analyzed performance curves of the filter defined by Eqs. (9.09-1) 


and (9,09-2), and the stepped-impedance half-wave filter defined by 


Eq. (9.09-3), are plotted in Fig. 9.09-]. Neither characteristic meets ~ 


the specifications very closely, because the narrow-band condition, 


Eg. (9.09-2), as not satisfied well enough. 


Let us re-design the prototype quarter-wave transformer, or stepped- 


impedance half-wave filter, and derive the reactance-coupled filter from 


the quarter-wave transformer prototype. Selecting a = 4, ue = 0,40, 
VY. = 1.10, which by Table 6.02-1 gives R = 5625, yields 
ve = UG = 2.398 
EN the Ap CO hae es (9.09 
Vinguarael 3.00 4 
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FIG. 9.09-1 CHARACTERISTICS OF A FOUR-RESONA TOR 
FILTER AND ITS STEPPED HALF-WAVE 
FILTER PROTOTYPE, BOTH BASED ON AN 
EQUAL-RIPPLE LOW-PASS LUMPED- 
CONSTANT PROTOTYPE 


These VSWRs do not seem to differ greatly from those in Eq. (9.09-3), 
yet they will be enough to turn the broken-line characteristic in 
Fig. 9.09-1 into an equi-ripple prototype response and greatly improved 


filter response. 


From Fig. 9.08-2 for n= 4 and f = 5625, one obtains B= 0.52, so 
that we would expect the reactance-coupled filter bandwidth to be 


wy fw, = 0.52 * 0.40 = 0.208. From Fig. 9.08-4, for 


V Spl tet). | 68625) ASL eu SOS (9,09-5; 


ad 


we read off @ = 0.65. Hence, from Fig. 9.08-5, & = 0.0064. Then, from 
Eq. (9,08-21) 


foi te thO ss 
(9,.09-6) 
f, = 0.902 f, 


where f, is the synchronons frequency. 
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For the reactance-coupled filter derived from Eqs. (9.09-4) using 
Eqs. (9.03-4) and (9.03-9) (which assume that h, = 1) 


B, B, 


—= = 


ae 0902 
Y ie, 


S), See ea oe (9.09-7) 


=F = 9-3 436 


and therefore 


@, = O, = 128,15 degrees 
(9.09-8) » 
Onan O, * 145.92 degrees 
The analyzed response of the stepped-impedance half-wave filter pro- 
totype corresponding to the exact Tchebyscheff transformer design 
Eq. (9.09-4) is shown by the broken line in Fig. 9.09-2, and the 
reactance-coupled filter response is shown by the solid line in that 
figure. This is an appreciable improvement on the performance of the 
preceding filter and transformer design based on the first procedure using 
the lumped-constant low-pass prototype, The analyzed performance of the 
filter shows that ty 0 U9 f, (compare 0,902 fg predicted) and 
ip AT f (compare 1.110 fy predicted). The fractional bandwidth w 
1s 0.193 (compare 0.208 predicted), and the relative me an-to-synchronous 


frequency displacement 8 = (fin) fo een, 006n (just) as predicted). 


It is clear, comparing the solid and broken lines of Fig. 9.09-2, 
that there is still room for improvement. The main discrepancy between 
“predicted and analyzed performance is in che bandwidth, which is 1.5 per- 
cent: less than predicted. The reason for this is the difference in the 

frequency sensitivities ef the resonator lengths; this difference is 
typical of filters in which some of the discontinuity VSWRs are in the 
neighborhood of 2,0 and others differ appreciably from the vaiue 2.0 [see 


Eq. (9:09-4)] . The reason for thismail be explained in Sec. 9,10. 
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FIG. 9.09-2 CHARACTERISTICS OF A FOUR-RESONATOR 
FILTER AND iTS EQUAL-RIPPLE STEPPED 
HALF-WAVE FILTER PROTOTYPE 


This example will then be continued in the first example of Sec. 9.11, 

where it will be shown that the line-length frequency-sensitivities can 
he equalized by optimizing the line impedances (instead of setting them 
all equal to each other). This generally leads to a very nearly equal- 


ripple characteristic with slightly more than the predicted bandwidth. 


Ar. 85-Percent-RBandwidth Filter--A pseudo-high-pass filter of eight 
sections is to be designed to have a pass-band frequency ratio, f,/f;, 


of approximetely 2.5:1, and a pass-band attenuation (reflection-loss) of 
less than 0.1 db. 


pince. f,/f, = 2.5, 


cae 
Da ee eevee = 0.85. (9,09-9) 


We design a quarter-wave transformer prototype by the modified first- 
order theory of Sec. 6.07, specifying Ae 1.40, and a 0.2 db pass-band 
attenuation ripple. (This approximate method always gives slightly less 


bandwidth, and slightly less RLEBI es than specified.) The modified first- 
order theory gives 
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db 


La 


Vy, Vo = 10829 (9.09-30) 
SR id e985 
V = 2,034-% 

The computed response 1s shown by the broken line in Fig. 9.09-3, 
and g7U #8 Seen thavlit. has # pass-band attenuation of less than 09120 


over a [35-percent handwidth (uw) Ue, Wire quarter-wave transformer 


output-to-tnput impedance ratio, HK, is 


PM aon 40 (epee aa 9 =e 8 4 : (9.09-]1) 
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FIG 9.09-3° CHARACTERISTICS OF AN EIGHT-RESONATOR FILTER AND ITS 
QUARTER-WAVE TRANSFORMER PROTOTYPE . 
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From Fig. 9,.08-2, the bandwidth contraction factor is f = 0.63, and the 
expectéd fractional bandwidth of the filter is therefore w = bw, = 9.85, — 


which is the specified bandwidth. 


We also find from Fig. 9.08-4 that for V,, = (118.4)'/% = 1.70, 
a = 0.36. Then, from Fig. 9.08-5, one obtains 8 = 0.06. Therefore, by 
Eq. (9.08-21), we shall expect 


Ta arity 0p 
(9.09-22) 


ji 0.61. f, 


For the reactance-coupled filter derived from by. (9.09-10) by use 


of the equations in Sec. 9.03 with h, = I, 


i 9 
Fae lia) ee at OL 2998 
Yo Y, 
B, By 
ja ee En TO AEIS 
Likes: Ra) 8 
AC B, 
etc FPO. GI Se (9.09-23) 
) Yo 
B, B, 
a OOO 
Hone Y, 
ae ree 
v5 


and 


0, = O&O, = 100.60 degrees 
6, = & = 104.85 degrees 
A } (9.09-1.1) 
‘@, = Ul = 108.17 degrees 


9 « O, = 109,61 degrees 
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The response of this filter was analyzed and is shown by the solid line 
in Fig. 9.09-3. It is seen that the attenuation in the pass band is 
everywhere less than 0.1 db, the fractional bandwidth w is 0.85, the 
band edges are le = 1.53 and fy - 0.62, and the relative mean-to- 
synchronous frequency displacement is 0.075; all of these are very close 


to the predicted values. 


The stop-band attenuation was worked out at two frequencies, as ex- 
plained in Sec. 9.08; Fig. 9.03-2, based on Eq. (9, 08-1505 was utilized 
in this calculation. These two points are shown by the smali rings in 
Fig. 9.09-3, and fall very close to the curve obtained by analysis on a 


digital computer. 


This filter was used to obtain the “ standardized’? pseudoshigh-pass 
filters of Sec. 9.06. The three central elements, which are nearly equal 
(0.700, 0.725, 0.700), were averaged and each set equal to 0.710. This 
element was then repeated periodically as explained in Sec. 9.06, with the 


results shown in Figs. 9.06-1 and 9,06-2. 


SEC. 9.10, DERIVATIGN OF THE DATA FOR BANDWIDTH CONTRACTIUN 
AND PASS-BAND DISTORTION 


The basic ideas on the conversion of the quarter-wave transformer 
prototype into a filter with reactive clements have already been ex- 
plained. The design procedure and numerical data were presented—mostly 
without proof. We now proceed to fill in the details of the over-all 


picture presented thus far, 


Bandwidth Contraction--The frequency-sensitivity!? (and hence band- 
width) of the reactance-coupled filters of Fig. 9.03-1 is strongly in- 
fluenced by the angles yw’ and Ww", in Fig. 9,03-3, which correspond to the 
electrical distances between the coupling reactance and the two reference 
planes with pure imaginary reflection coefficient on either side of it. 
Both reference planes move closer to the reactance as the frequency ia- 
creases, partly (1), because a given electrical separation shrinks in 
phystcal length as the frequency increases; and partly (2) because the 
electrical lengths yy’ and p" do nov remain constant, but decrease with 
increasing frequency for shunt inductances (or series capacitances), 
since their susceptance (or reactance) values decrease with frequency. 
The movement of the reference planes is measured quantitatively by two 


parameters d’ and d" defi:ed by 
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4 dy" 
CY etal I Aa ner (9.10-1 
bene Tat | 
17% 
a 4 dy" 
TD TES cas i gia cm error it 9.1072 
— |p eee | ( ) 
f 17%, 


where the first term in the square brackets corresponds. to Cause (1), 

and the second term to Cause (2). The parameters d’ and d” measure the 
rate of change with frequency of the reference planes in Fig. 9.03-3 as 
compared to the rate of change of a 45-degree line length. The spacings 
G.. (Fig. 9.03-1) between reactances are given at band center by 

Fq. (9.03-7). The spacings are thus always longer electrically than 90- 
degrees, and accordingly increase with frequency faster than does a 
quarter-wave line length. The bandwidth of the filter is therefore always 
less than the bandwidth of its quarter-wave transformer prototype by a 
factor £8. The bandwidth contraction factor associated with the tth res- 


onator or line-section, Pe is given by 


fee oy ESAs hha th Sere 
B, m |d( f/f) 2 B 
f*fq 


If all the eae defined in Eg. (9.10-3) were the same for a particular 


filter, then its bandwidth would. be 


(9.10-4) 


where wy is the quarter-wave transformer bandwidth. Usually the £6, are 
not all equal; the smallest of the #, should then ve used for & in the 
above equation since the most frequency-sensitivs resonator tends to 


determine the filter bandwidth. 


To cover both the series-reactance-coupled and the shunt-susceptance- 
coupled filter in Fig. 9.03-1, we shall use the word immittance when we 
mean impedance for the former (Fig. 9,03-1(a)) or admittance for the 
iatter [Fig. 9,03-1(b)}. When the line immittances are all-egual, then 


eee d", but when the line immittances are not all equal, the dj and d 
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ace not equal: The larger d, is associated with the Y, in the line with 
lower immittance, and is given by the solid lines in Fig. 9.10-1; con- 
versely, the smaller ¢) is associated with the Y, in the line with higher 
immittance, and is given by the broken lines in Fig. 9.10-1. The curves 
in Fig. 9.10-1 were worked out for infinitesimal bandwidths, following 
Eqs. (9.10-1) and (9.10-2). The curves in Fig. 9.10-2 were worked out 

for several finite bandwidths, replacing the differential terms in 

Eqs. (9.10-1) and (9.10-2) by finite increment ratios; only filters with 
uniform line immittances (h, = 1) are shown in Fig. 9.10-2. Figure 9,08-2 
was then worked out! with the aid of the curve h = 1 in Fig. 9.10-1, which 


is the same as the curve w = 0 in Fig. 9.10-2. 


It has been found that Fig. 9.08-2 has predicted bandwidths closely 
for all the filters analyzed. The accuracy is least for filters that 
have a considerable spread among their 8. According to Eq. (9.10-3) 
and Fig. 9.10-1 or 9.10-2, this occurs when the discontinuity VSWRs in 
one filter range into und out of the neighborhood of 2.0, where d can 
change appreciably in either direction (see Figs. 9.10-1 or 9.10-2). In 
_that case it may be worthwhiie to optimize the line impedances, as in 


Sec. 9.11. 


Pass-Band Distortion—The distinction has already been made between 
the synchronous frequency, fo, and the arithmetic mean frequency, hee 
which is always greater than fo, Since the portion of the pass band above 
the synchronous frequency is greater than the portion below. This 
phenomenon is due to the declining discontinuity VSWHs with increasing 
frequency when series capacitances or shunt inductances are used, and 


may be put on a-quantitative footing as follows. 


The excess loss has already been cited in Eq. (9.08-12). Consider 
now the case of large R, so that the approximation Ey. (9.09-16) holds. 
The Largest term of the Tchebyscheff polynomial well inside the stop-band 


is the highest power of (sin C/pg), and then Eq. (9.08-12) reduces to 


a Patt i sin?" (9 10 5) 
Cc =, ee = const. Aa : = 
Priced S75 ¢) 
Af 2a 
- (9.10-6) 
= const. 
(f/f) pas 
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FIG. 9.10-3 CHARACTERISTICS OF A SINGLE-SECTION FILTER AND ITS 
QUARTER-WAVE TRANSFORMER PROTOTYPE 


where Af.= f= fa. This proves the result stated in Eqs. (9.08-6) and 
(9.08-7); for large n and large R, the exponent of (f/f,) reduces to 
unity, leading to a more Symnetrical response on a wavelength (rather 
than frequency) scale. As a counter-example, a single-resonator filter 
(n = 1) was analyzed and a calculated from Eq. (9.08-8). The response 
of this filter (mn = 1, RA = 1000) is plotted in Fig. 9.19-3, and it was 
found that (using the 14-db band edges for convenience) a = 1.97, which 
is close to 1 +t 1/n = 2.0 as required for n = }. 


This point is the square. 
one in Fig. 9.08-4. 


The circle points in Fig. 9.10-3 were calculated using the approximate 


Eq. (9.04-2) in conjunction with the Prototype characteristic. This method 


is seen once again to Give excellent results. 


The choice of mapping or frequency distortion by a function of the 
form Af/( f/f )*, was based on the above considerations, 


and is further 
developed in Sec.: 9.08. 
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SEC. 9.101, OPTIMIZING THE LINE IMPEDANCES 


It was pointed out in Sec. 9.19 that different line sections of a 
single filter yield different bandwidth contraction factors pr. because 
the quantities d‘', d\ vary from resonator to resonator. So far we have 
only considered examples of filters with uniform line impedances, where 
all Z, are equal to Zy. Im deriving the discontinuity parameters, the 
discontinuity VSWR is always set equal to the corresponding step-VSWR of 
the prototype transformer; this VSWR can be obtained in the filter by an 
infinity of combinations of reactances with impedance ratios, since the 
two parameters h and uw (Fig. 9.03-3) preduce the desired discontinuity 
VsWh. Thus, if V, is given and h, is selected, Xp or Bis determined 
from Eqs. (9.03-2) and (9.03-3). The problem is now to select h,, ¥, 
being given, so that all the ; are the same. This can easily be done 


with the aid of Fig. 9.10-1, and is best illustrated by an example. 


4 20 Percent-Bandwidth Filter with Optimized Line Impedances-—-it is 
required to improve the performance of the filter defined by bys. (9.09-7) 
and (9.09-8) and shown by the solid iine in Fig. 9.09-2. 


We see from Eq. ©9.09-4) that the V. range in numerical value from 
about 2 to nearly 1%. ‘Thus the different resonators have appreciably 
differeat 3,, and we might expect a nociceable deviation from an equal- 


ripple response, as already pointed out for this situation. 


Here we have a four-resonator filter. (The two central resonators, 
Nos. 2 and 3, are each flanked by discontinuity VSWRs of 8.45 and 13.71, 
according toEq. (9.09-4). Keeping the characteristic admittances of the 
lines forming the four resonators the same, we find from big. 9.120-1 
that d} = 0.88 (corresponding to h = 1, V = 8.45) and dy = 0.93 (corre- 


sponding to & = 1, V 


13.71), so that for the two central resonators, 


“a t é iE + ¢ 
d d; ay dy CUR t 
cd Ree <a = OL 05 : oy) 
»y » 


“ = 


If we kept the input and output admittances the same also, so that 


h = t at both the first and Last discontinuities, then for V = 2.358 
Lite. (9.09-4)] we would have dJ = 0.50, which ts considerably different 
from the other d. Since dy = dy = 0.88, this would yield (dy + di d72 = 


0.69 for the outside resonators, which differs appreciably from 0.905 toi 


the central resonators. | NWence the relatively poor response shape in 
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Fig. 9.09-2. To obtain a value of (dj + dj)/2 equal to 0.905, as for the 
central resonators, requires dy = dy = 0.93. We then find the value of h . 
from Fig. 9.10-1. Finding the intersection of the horizontal line for 

d = 0.93 with the vertical line for V = 2,398 gives h = 2.38. One then 


obtains the following filter parameters: 


: sii eat rs s 0.4202 (9.11-2) 
Y, ye Yo Y, 2.38 ome 
By By 
—-- =» —— = -0. 78995 
Yo Y, 
B, B, 
— = — « -2,564 (9.11-3) 
oY, Y, 
B, 3 
— = -3,433 
Y, 


Cr ehetae Ch sae OS 204 degrees 


4 
| (9.11-4) 
Uyeer Upon an AD. 92m eedepree st: 
The’ predicted bandwidth is 
yw = Sw = 0.40/1.905 = 9.310 : (9. 11-S) . 


The appearance of such a filter with shur--inductive irises in wave- 
guide, or with series-capacitive baps in strip line, is shown in 


Fig. 911-1. 


The analyzed performance of this filter is shown by the solid line 
(marked C) in Fig. 9.11-2. The original design obtained from a lumped- 
constant low-pass prototype through Kgs. (9.04-1) and’ (9203-4) is shown 
for comparison (Curve A); the performance ef the filter based on the same 
transformer prototype as Curve C, but with untform line impedances (all 


h, = 12) seé Sees 9.09) is<alsorshown (Curve $8). fe is seen that the Wee 
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design, after optimizing the line impedances, gives an almost eanal-ripple 
response. Its bandwidth 1s 21.8 percent, slightly more than the 21.0 per- 


cent predicted. 


The distortion factor, 4, worked out from Eq. (9.08-8) amounts to 
1.33, and is shown by the upper triangle-point in Fig. 9.08-4. It does 
not fall in line with the points calculated for the constant-line- 
impedance filters. Most of the improvement in bandwidth 1s due to an 
increase in the upper band-edge frequency (Fig. 9.i1-2) which has the 
effect of increasing &%. A possible ‘explanation as that VW, and Vo are’ 
largely determined by the impedance step, which is independent of fre- 
quency, whereas the other VsWits (V,, V,. and Vy) are determined by react- 
ances which decrease as the frequency rises. This corresponds, on the 
high-frequency side, to having the filter turn anto a wider-band design, 


thus pushing the upper band edge even further up. The reverse holds 


FIG. 9.11-1. FILTERS IN WHICH THE LINE IMPEDANCES CHANGE 
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8-3527-se0 


FIG. 9.11-2 CHARACTERISTICS IN THE PASS BAND OF 
THREE FILTERS DESIGNED To THE SAME 
SPECIFICATIONS 


(the V, increase) below baud center, which here partly cancels the im- 
provement in bandwidth due to making all A. equal to one another, and se 


the lower band edge moves less. Thus & increases by Eq. (9.08-8). 


The pass- and Stop-band responses of the two filters based on the 
Same quarter-wave transformer prototype are shown in Fig, 9.11-3, along 
with the response of the transformer. The circle-points were calculated 
for the unitorm-line impedance filter curve (B in Figs. 9.11-2 and -3) 


by the method described in Sec. 9.08. 


A 30 Percent-Bandwidth Filter—The following example is worked the 
Same Way as the previous one, and only the results are Biven. I[t is 


based on the following prototype Tchebyscheff transformer: 


i pe Oe 
R = 100 4 . 
ve = 0.6 (9.11-6) 
Ripple VSWR = 1.07 
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giving 


Transformed into a filter with uniform 


Vi EW sad 538. 
Vronuy, «371i 


Vv, = 4.368. 


parameters and lihe-lengths are 


rae i irae ll tetra Uae: SR J) 
Yo Yo 
B, B, 
Sane eee ko al 
Ye Nie Ub 
B, 
saan awe Ly 
Yo 


re] CT a =p DE Sw t degrees 


v “ ¢v = 124.388 deyrees 


ies eT RTE GEETL ae a ee nie 
FILTER WITH CONSTANT IMPEDSNCES, 

AND PREDICTED POINTS (¢) zs 
—-— FILTER WITH OPTIMUM IMPEDANCES 


: ——— QUARTER-WAVE TRANSFORMER - 
PROTOTYPE 


2 Rstabs 4A Piece Gee ae ae Pa Sa 
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FIG. 9.11-3. CHARACTERISTICS IN THE STOP BAND OF THE 
THREE FILTERS DESCRIBED IN FIG. 9.11-2 
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(9.11-7) 


line impedances, the reactance- 


(9.11-8) 


(9.11-9) 


FILTER WITH: 


22 r A——— CONSTANT 
IMPEDANCES 
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7 i.8 
2 16 
1.4 
4.2) 
Lo ? 


06. OF -08 .09') LOSE = 12m 13° £4 18> 16 
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®@ sszr- 396 


FIG. 9.11-4 PASS-BAND CHARACTERISTICS OF THREE 
FILTERS DESIGNED FOR 30-PERCENT 
BANDWIDTH 


This example has been selected because of the appreciable spread of 


Vv about the numerical value 2. 


With these values of Ve and all 2; = Zy, Fig. 9.10-1 shows a con- 
siderable variation in d, trom about 0.25 to 0.75, and we would expect 
these different frequency sensitivities to result in a poor response 
shape. This is borne out in Fig. 9.11-4, in which Curve A is the filter 
response analyzed on « diyital computer. It has a bandwidth of 30.7 per- 


cent, compared to 34.7 percent predicted. 


fo optimize the line impedances, Fig. 9.10-1 determines hk = 1.5 for 


the end-couplings, and one obtains 


f ‘2 "3 a tee gece (9.11-10) 
i ih ue yy, 165 
B, B, 
— = — = -0.1198 
Yo Yo 
ne = Tai on) 9, Pen) 
— + — = =], Bibi 
’, Y, ( 11) 
B, 


Vie eco) 15 


g e @ 2 142.62 degrees 
(9. 11-12) 


0, = G, =. 124.88 degrees 


The physical appearance of this filter would again be as indicated 
in Fig. 9.31-1. The response of the filter was analyzed and 1s plotted 
as Curve Bin Fig. 9.11-4. Again there is very nearly an equal-ripple 
response, and the bandwidth is 36.2 percent, which is slightly more than 
the 35.8 percent predicted. Most of the improvement in bandwidth occurs 
above the band-center. A possible explanation for this effect was offered 
in the previous example. The distortion factor @ here equals 1.67 and is 


shown by the lower triangle-point in Fig. 9.08-4. 


Most of the end-coupling VSWR of 1.538 is due to the impedance ratio 
of 1.50, and only a small part is due to the normalized susceptance of 
O.1198. Since most of V, = V, 


it is of practical interest to investigate what happens to the performance 


= 1.538 is due te the 1.5:1 impedance step, 


when the reactances B, and By are lett out, and the. impedance ratio is 


increased to 1.538:1 to achieve the desired Vi and V.- Yhe result is 
Yy Y 4 Y 
1 2 3 1 
ee ae - 0.6502 (9.11+13) 
Y, Y, Vy Y, 1.538 
B, Bs ) 
Sa ge = 0 i 
Ly Y 
B, B, 
ene noel (9. 11-14) 
Y, Y, 
B, 
— = -)},61135 
Y; 
a al, 150.45 degrees 
\ (9,41-15) 
Bie | ae aes 2% 124.88 degrees J 
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FIG. 9.11-5 STOP-BAND CHARACTERISTICS OF THREE FILTERS 
DESIGNED FOR 30-PERCENT BANDWIDTH : 


The analyzed performance of this filter is shown in Fig. 9.11-4 by Curve C. 
‘This filter has passed beyond ‘the Optimum performance; the peak reflection 
has almost doubled ‘in the pass band, and the@ripples are no longer equal. 

Even so, this performance is better than the first design with uniform 


line impedances (Curve A). 


The pass- and Stop-band characteristics of all three filters are 
shown in Fig. 9.11-5, and are in the expected relationships to each other, 
since the end couplings of Design A have the most ca, citance, and those 


of Design C have none. 


orsl as C S REACTANCE - COUPLED QUARTER- WAVE FILTERS 


The circuit of a reactance-coupled quarter-wave filter is shown in 
i, Ne This circuit was described in Sec. 8.08, where it was 
designed-from a lumped-constant low-pass prototype. The method of 
Chapter 8 holds up to about 20 percent bandwidths for reactance-coupled 


half-wave filters, and up to about 40 percent bandwidths fer 


272 


reactance-coupled quarter-wave filters, which generally have about twice 


the fractional bandwidth when the discontinuity VSWRs are the same. 


‘The spacings. between elements at the synchronous frequency are 
exactly one-quarter wavelength less than for a reactance-coupled hal f- 
wave filter (Fig. 9.05-1) having the same discontinuity VSWKs, and can 
thus be determined with the aid of Eq. (9.03-7) or Ky. (9.03-9). [The 
series reactances and shunt susceptances are still determined from the 
quarter-wave transformer prototype step-VSWKs using Eys. (9.03-3) cr 
(9.03-4).] The quantities d' and d" can be determined from Fig. 9.10-1, 


but the new bandwidth contraction or expansion factor 2" is-yiven by 


“ a 
1 d + a +} 
— 2 (9.12-1) 
instead of Ey. ($.10-3). The bandwidth contraction ‘factor 3’) fer the 


quarter-wave reactance-coupled filter can also be determined froin 
i 


Fig. 9.08-2 by substituting 


bets SUN plc y (9.122) 


and may thus be expected to be greater than unity. This 1s in keeping 
with the fact that all discontinuities are separated by distances less 
than one-quarter wavelength at the synchronous frequency, and the band- 
width of the filter may therefore be expected to be greater than the 


bandwidth of its pretotype quarter-wave Cransformer. 


SHUNT SUSCEPTANCES 
GR StkitS REACTANCES: 8 x, 8, My 


ELECTRICAL LENGTHS: h- : 8, = Hae a Gis aad 


FIG. 9.12-1 REACTANCE-COUPLED QUARTER-WAVE FILTER 
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However, since a common 90-degree line-length (at the syachronous 
frequency) has been removed from each cavity, the remaining line lengths 
differ relatively more among themselves than before, so that one should 
expect less than the bandwidths predicted by Eq. (9.12-2) and Fig. 9.08-2. 
This will be so especially for strong couplings, when the small series 
reactances or shunt susceptances lead to close spacings (much less than 
90 electrical degrees) between discontinuities. Then a small absolute 
difference in resonator lengths may amount to a large relative difference. 
Prediction by the previous method then becomes less and less accurate as 
the couplings become stronger (which usually means, as the bandwidth 


increases). 


We shall now convert two half-wave reactance-coupled filters (one 
narrow-band and one wide-band) into quarter-wave reactance-coupled filters. 


The parameters of the filters are obtained on making the substitutions 


B, B, 
—— > er 
Yo Yy 
B Xx re 
bee > ie a 3 
Yr, a 
(9. 12-3) 
B, B, 
-_—_—— > —— 
Y, Yo 
B, x, 
aia eT ; etc. 
Yo Zo 
and 
eee : 
a, igi eA) : (9. 12-4) 
(that is, all Separations are reduced by 90 dexrees). ‘The numerical 


values will therefore not be repeated. 


A 20 Percent Bandwidth Filter—It is desired to design a quarter-wave 
reactance-coupled filter to have a pass-band VSWR of better than 1.10 over 
a 20-percent bandwidth, and to have at least 22 db of attenuation at a fre- 
quency 20 percent above band center (t.e., twice as far out as the desired bund 


edge). 
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A quarter-wave filter of sufficiently small bandwidth should have 
twice the fractional bandwidth of a half-wave filter with the same dis- 
continuity VSWRs.. Therefore the reactance-couplea quarter-wave filter 
specified above and the reactance-coupled half-wave filter of Sec. 9.04 
will be derivable from the same prototype transformer, provided that the 
skirt selectivity requires the same number of resonators. ‘The attenua- 
tion twice as far above band center as the band edge was specified as 
25 db in the example of Sec. 9.04, but is only 22 db in the present 
example. We must expect a lower attenuation in the present example since 
by Eq. (9.08-17) R is reduced by a factor (1.2)!! instead of (1.1)'4 as 


before. Therefore we may. again try n = 6 resonators. 


The pass-band response of this filter is shown an Fog. 9.22-0. Its 
bandwidth is almost twice (19.1 percent as compared with 9.7 percent) the 
bandwidth of the half-wave reactance -coepled resonator Tilter, which as 
also shown for comparison. ‘This was expected. The deterioration in the 
response shape can be attributed to the relatively greater differences in 


“the frequency, sensitivities of the spacings. 


The attenuation at f/f, = 1.2 may be calculated using Fy. (9. 04-5), 
io Ole ne ALB ne | (9.12-5) 


which shows that the attenuation is I1l.1] db less than the attenuation of 
the quarter-wave transformer at (f/f,) = 1.2, or the attenuation of the 
stepped-impedance half-wave Priter stg gc i ie t, which are both 35.5 db 
as in Sec. 9.04. Therefore the attenuation is predicted to be 35.5 - 
1}.1 = 24.4 db at (f/f,) = 1.2, as shown by the circle in Fig. 9.12-3. 


lt lies almost right on the computed curve. 


The stop-band response up to the fifth harmonic is also shows in 
Fig. 9.12-3. Notice that the first spuricus response occurs at the third 
(rather than at the second) harmonic, the next occurs at the fifth: and 


“SO On. 


A Hiph-Pass Filter—This tilter is based on the Last example in 
Sec. 9.09, which had an 85-percent bandwidth. It is beyond the point 
where any reliable predictions can be made. The response of this filter 
is shown in Fig. 9.12-4. Compare this figure with Fig. 9.09-3, for the 
reactance-coupled half-wave filter. The element spacings are now all 


hetween 10 and 20 degrees, making this almost a lumped-constant high-pass 


ro) 
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FIG. 9.12-3 | STOP-BAND CHARACTERISTICS OF REACTANCE-COUPLED 
QUARTER-WAVE FILTER 
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filter. In fact, the general behavior of this filter at the low-frequency 
end can be predicted most simply by treating it as a bkumped-constant filter. 
Its lower cutoff ‘frequency, based on the formula 1/VLC, is some sort of a 
geometric mean of the numbers in Eq. (9.09-13), as a fraction of the syn- 
chronous frequency. The actual cutoff frequency from Fig. 9.12-4 as a 
fraction of the synchronous frequency lies between 0.4 and 0.5, whereas the 


unweighted geometric mean of the numbers in Eq. (9.09-13) is Ook: 


As the frequency increases, the first stop band should occur when the 
element spacings are about 90 degrees. With spacings of from 16to0'20 degrees 
at the synchronous frequency, this stop band is expected to be centered at 
about 6 times the synchronous frequency. The peak attenvation will then be 
determined by multiplying all the discontinuity VSWRs at this frequency, which 
yields an input VSWHof 2.6. The peak attenuation should therefore fall just 
short of 1 Ub. All this appears to be borne out by Fig. 9.12-4, as far as 
it is plotted. 
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NOTE: 


18. 
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CHAPTER 10 


_BAND-PASS FILTERS, CONTINUED 
(RAND-PASS AND PSEUDO HIGH-PASS FILTERS CONSISTING OF LINES 
AND STUBS, OR PARALLEL-COUPLED ARRAYS OF LINES) 


SEC. 10.01, CONCERNING ‘THE FILTERS AND | 
DESIGN PROCEDURES EN THIS CHAPTER 


A summary of the various filter structures described inthis chapter,- 
along with their various advantages and disadvantages as comparcd with the 
other types of band-pass filters in Chapters 8, 9, and 10 will be found in 
Sec. 8.01. Wide-band filters of some of the forms discussed in this 


chapter are also useful for microwave high-pass applications. 


The design procedures in this chapter make use of the lumped-element 
low-pass prototype filters in Chapter 4, as did the procedures in Chapter 8. 
Though the procedures in Chapter 8 are relatively simple and quite versa- 
tile, they involve fixing the various filter parameters at the midband 
frequency, aad as a result the design equations obtained are accurate 
only for filters of narrow or moderate bandwidth. The design procedures 
in this chapter fix various filter parameters at band-edge frequencies 
as well as at midband. Yor this reason, good results are insured when 
these procedures are used for either narrow- or wide-bandwidth designs. 
Though the method used for deriving the equations in this chapter is 
very general in its potential application, in most éases of wide-band 
filters consisting of lines with lumped-reactance couplings (such as the 
filters in Chapter 9), the design viewpoint of this chapter feuds to 
simultaneous equations Uthat are a combination of transcendental «ud 
algebraic functions, which are very tedious to solve. In such cases 
Jesign from step-trans former prototypes, as deseribed in Chapter G, ts 
easier. Wowevec, in many cases of filters consisting of tines and stubs 
or parallel arrays of Lines, the methods of this chapter wive equations 


that are very casy to use. 


Using a low-pass prototype filter having a response as shown ve 
Fig. 10.01(a), along with the mechods of this chapter, a band-pass fitter 


response approximately like that in Fig. 10.01(b) will be obtained. 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in JRE Trans. PGMTT (sce Ref. 1 by G. L. Matthaei) 


FIG. 10.01-1 LOW-PASS PROTOTYPE RESPONSE AND CORRESPONDING ~ 
BAND-PASS FILTER RESPONSE 
Most of the filters in this chapter have additional pass bands centered 
at 3w,, Sw), etc., though some (which will be noted) tend to have spurious 
pass bands also at 2u,, 4w,, etc., if they are not perfectly tuned. ‘he 


fractional bandwidth 
(w, - w,) 

OO a a (10.01-1) 

w@ 

6 

of the band-pass filter pass band may be fixed by the designer as desired. 
As was done in Chapter. 8, in order to estimate the rate of cutoff to be 
expected. from the band-pass filter, approximate low-pass-to-band-pass 


transformations of the form 
w' ee 
— = F(v,a¥a,) (10.01-2) 
w; 


will be utilized, where the primed frequencies refer to Fig. 10.01-1(a) 
and the unprimed frequencies to Fig. 10 O1-1(b). The specific function 
F(w,a/w)) to be used will vary with the different filter structures con- 
sidered. For two frequencies, w' and w, which satisfy such a mapping, 
the attenuation is the same for both the prototype and the band-pass 
filter. Hence, the low-pass prototype attenuation characteristics in 
Fig. 4.03-2 and Figs. 4.03-4 through 4.03-10 can be mapped into cor- 
responding band-pass attenuation characteristics by use of such mappings. 
Readers who are unfamiliar with these procedures should find the example 


in Sec. 8.04 helpful. 
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SEC. 10.02, PARALLEL-COUPLED FILTERS WITH 
Ay /2 HWESONATORS 


Figure 10.02-1(a) shows a strip-line filter having n parallel- 
coupled resonators which are short-circuited at both ends and which are 
a half-wavelength long at midband. The filter may be viewed as being 
pieced together from n + 1 parallel-coupled sections St which are a 
‘quarter-wavelength long in the pedis Let of propagation at the midband 
frequency @). The filter in Fig. 10.02-1(b), which uses open-circuits at 
the ends of Sts résonutora, is the dual of the filter in Fig. 10.02-1(a). 
Both types of filter can have identical transmission characteristics, the 
inain bases for choice between thew being related to their method of 


fabrication. 


Figure 10.02-2 shows a pessible way of fabricating the filter in 
Fig. 10.01-1(a). In this structure the resonators consist of rectanguler 
bars which are supported by the short-cireuit blocks at their ends. This 
construction requires no dielectric material (hence it eliminates dielectric 
loss), and can easily achieve the tight coupling between resonator elements 
that is required for wide-band filters. The required bar dimensions can be 
obtained from the odd- and ecven-sode admittances culculated in this section 
with the aid of Figs. 5.05-9 through 5.05-13 and their accompanying dis- 


cussion: 


The filter in Fig. 10.02-1(b) is of the form discussed in Sec. 8.09. 
However, the design equations presented in Sec. 8.09 are wot accurate for 
large bandwidths, while the equations discussed in this section give good 


accuracy for either narrow or wide bandwidths. 


If the printed-circuit form discussed in Sec. 9.09 is used for design 
of wide-band filters, it will be found that unreasonably small gaps will 
be reguired between resonator elemeats. Une way of avoiding this problem 
while still using printed-circuit construction 1s to use the interleaved 
construction shown in Fig. 10.02-3. In this construction alternate reso- 
hatoc strips are printed on two parallel strips of diclectric so that che 
resonators can be interleaved to achieve tight coupling. Since ibe 
structure is symmetrical about a centerline midway between the ground 
planes, no ground-plane modes will be excited. Interleaved resonators oF 
this type can be designed from the odd- and even-mode impedances Computes 
in this section with the aid of the information in Pigs. 5.05-4 throngh 


5.05-8 and theic accompanying discussion. Since the propagation is an 
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FIG. 10.02-1 TWO FORMS OF PARALLEL-COUPLED FILTERS 
WITH * 9 2 RESONATORS 
Each section Sik 4] 18 \9 4 long where Xp is the 
wavelength at Frequency @y 
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SECTION A-A’ 
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SQURCE: Final Report, Contract DA 36-039 SC-74862, SUI; reprinted 
in IRE Trans. PCMTT (see Kel. 1 by G. L. Matthaei) 


FIG. 10.02-2 POSSIBLE MEANS FOR FABRICATING WIDE-BAND FILTERS OF 
THE TYPE IN FIG. 10.02Z-i(a) iN BAR TRANSMISSION-LINE 
CONSTRUCTION 


The short-circuiting blocks support the bar conductors so that ao 
dielectric material is requized 
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SECTION A-A’ 


SOURCE: Final Report, Contract DA 36-039 SC-74862, SRE; ceprinted 
in IRE Trans. PGMTT (sce Hef. 1 by G. L.. Matthaei) 


FIG. 10.02-3 POSSIBLE MEANS FOR FABRICATING WIDE-BAND FILTERS OF THE 
TYPE IN FIG. 10.02-1(b) USING PRINTED CIRCUIT TECHNIQUES 
In order to achieve tight coupling with reasonably large conductor spacings, 
alternate conductor strips are made to be double so that conductor strips 
can be interleaved ; 


dielectric, the relative dielectric constant, €,, must be taken into 
account, of course, in computing the lengths and widths of the resonator 
elements. Each section having admittances CY Ja ken and (Y eee is 
a quarter wavelength long in the medium of propagation at frequency @), 
and the n + 1 sections joined together operate as n half-wavelength 


resonators (when designed by the methods described in this section). 


A convenient and moderately accurate low-pass-to-band-pass mapping 
(Sec. 10.61} which can be used to estimate the attenuation of the filters 


in Fig. 10.02-1 from their low-pass prototypes is 
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neo 2 fu - Wy 
eT ais Sle Z (10.02-1) 
wy w o 
where 
wee 
eS (10.02-2) 
“9 
| W, t 
“9 = Pepe (10. 02-3) 
and w’, ay, @, w,, and w@, are as indicated in Figs. 10.01-1(a)(b). A 
more accurate mapping is 
Roa«ws\ 8 Me, 
- cos in ) { Lin 
He FL, @y 5 : 
a ied ae Taine Ga EL eee (10.02-4) 
‘ w@ ud [> ay Ta 
el Sea f Nw 
cos Se bin (5 =) 
2 Ws 2 Ws, 
where 
Dy - 
meer Weis ieee (10.02-5) 
Wy 2 


and nis the number of reactive elements in the low-pass prototype. 
Examples indicating the relative accuracy of these two mappings will be 


shown later in this section. 


After the low-pass to band-pass transformation has been used to 
estimate the number n of resonators reyuired to achieve a desired rate 
of cutoff for the filter, low-pass prototype element values gy, Kk). &,- 

-» Bagy abe obtained (see Chapter 4), along with the prototype cutoff 
frequency, @,. ‘The fractivnal bandwidth v and the terminating conduc- 
tances, oF = Y,. having been specified, the odd- and even-mode admit- 
tances for the various sections of the filter can be computed an a 
straightforward fashion by use of the equations in Table 10. 02-1. fn the 
table the parameter h is a Gincnstonters admittance scale factor which can 
be chosen arbitrarily to adjust the admittance level within the interior 


of the filter as may be desired, without affecting the filter response 
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Tabie 10.02-1 


DESIGN EQUATIONS FOR PARALLEL-COUPLED FILTER 
IN FIG. 10.02-1(a) 


Use mapping ky. (10.02-1) or (10.02-4) to select low-pass 
prototype with required value of wm. ‘there will ben + } 
baFaifel-doupled Sections for ann-reactive-element prototype, 


END SECTIONS 0,4 AND n,n + | 


For k= 0 andk =n compute: 


J 1). ae 
Ta eae l a a ki kth 
apres eee = ane Yon) = -y (Zappss Vi + : 
‘ "ES esi mek kel mae 
nn 
a Sevens yen 5 a2 ee =) 20 pee 
od arg A oo hkl 1 du x ( 3) 
tan 6 J 
6 &. a } ryt 
a ; ( ) F 
ear aye 0k bel At A | A 
y? 2 y? ) ‘ a a cy 
Sceke ke) Seeks oUkeh et °F eke 


The parameter h is a dimensionless scale factor which may be 
chosen arbitrarily so as to Give a convenient admittance 
level in the filter (see text). 


INTERIOR SECTIONS 1,2 TO n - la 


Fork =itok =n -} compute: 


es We ast f tan‘ 9, 
Nin caigeee wbedtitstant, (Gu) eres 
A “OH BeBe ay 4 


iY Ay 6 4 1) 
oF keel gx take yO] 
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A value for h which is usually satisfactory (and which makes at least the 


vurallel-coupled section, S of the filter have strips of equai width) is 


ol’ 
} 
kh 2 (10.02-6) 

2 
tan @, (4) 

7 pies F . 
2 Y,: 

. ry 
where 0, and Joi7%, ure given in Table 19.92-1. When the symmetric oF 


antimetric prototypes such as those in Tables 4.05-1(a), (b) and 4.05-2(a), 
(b) are used, the strip widths in both the end sections, S,, 
will at! be the same, if Eq. (10:02-6) 1s used. Other values of h may be 


and apie te 


chosen te obtain other more convenient admittance levels (and dimensions) 
for the resonators or to optimize the unkoaded Q of the resonator elements. 
(At present the choice of resonator dimensions Lo obtain optimum unloaded 
Q for parallel-coupled resonators of this sort kas not been determined. ) 
As previously mentioned, after the odd- and even-mode admittances for the 
n t+ 1] sections of the filter are obtained, the dimensions of the various 


lines are obtained by use of the data in Sec. 5.05. 


Table 10.02-2 summarizes the odd- and even-mode admittances for 
three designs obtained by use of Table 10.02-1 along with bq. (10.02-6). 


All three -ere designed from a fchebysche ff low-pass prototype filter 


Table 10.02-2 
SUMMARY OF THE ODD-MODE AND EVEN-MODE ADMITTANCE VALUES FOR THE 
FILTERS OF FIGS. 10.02-4 10. 10.02-6 
They were designed by use of Table 10.02-i and realized in the form 
in Fig. 10.02-L(a). Eysation (10.02-0) was applied se that 


a b = b 
(Yonder = Vootar 28d (ee or ~ oe? or: 


FIG. 10.02-4 FIG, 10.02-5 _. FIG. 10.02-6 
(St Handwrdth) | (30% Bandwidth) | (2 to 1 Bendwidth) 


eS oe eon a ee ee 


Be a Pers, 1,25! 1540 1.716 

= t 5 49 

Dehte (Yo s6 0.996 1.023 nh $2 

eac23 ct ees 0,981 0.937 6.954 

) 0. 880 0.927 0.933 

oo'34 

0 a 

ee ot 7 > “Teeter 9.749 0. 460 is 

eet? ¥ (Vo ese 0.881 oe 0.208 

Seed LAA 89S 0.536 9.250 

0.890 rt) 0.255 


542 
{Se scan lees 


All values normalizes so that Y, = A. 


SOURCE: Finel Report, Contrect DA 36-039 SC-74862, SRI,- reprinced 19 
IRE Trans. PGWTT (see Ref. 1 by G. L. Matthaes}. 
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SOURCE: Final Report, Contract DA “26-039 SC-71862, SRI; reprinted 
in FRE Trans. PGMTT (sce Ref. l by G. 1. Matthaer) 


iG. 10.02-4. COMPUTED RESPONSE OF FILTERS DESIGNED AS 
IN TABLE 10.02-1 TO HAVE 5 PERCENT BANDWIDTH 
Design value for “p49 was 9.975, Prototyne had 
0.10-db Tchebyscheff pass-band ripple withn = 6 


reactive elements 


having 0.1-db ripple and n = 6 reactive elements [the element values being | 
obtained from Table 4.05-2(a)]. As iS seen from Table 10.02-2, the designs 
are for 5-percent, 30-percent, and an octave bandwidth; and the admittances 
have been normalized su that Yi = 1. Figures 10.02-4, 10.02-5, and 10.02-6 
show tie computed responses of these designs. Note that even the octave- 
bandwidth design comes close to having the specified 0. ]-db ripple in the 
Pass band, the main error being a Slight shrinkage in bandwidth. Points 
mapped from the low-pass Prototype by use of the mapping of Eqs. (10.02-1) 
and: (10.02-4)/ are alse shown. Note that for the 5- and 30-percent- 
bandwidth designs the simple mapping in Eq. (10.02-1) gives quite good 


results even up to quite high attenuations. However, in the case of the 
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Rare 


octave-bandwidth design (Fig. 10. 02 - 6), the more complicated Eq. (16.02-4) 


gives markedly better accuracy up around 60 db or above. 


Design equations for the form of filter in Fig. 10.02-1(b) ere sues 
tained by applying duality to the equations in Table 10. 02-1. Thus, the 


admittance quantities are replaced by impedance pane te ati as indicated 


below. 
Wore tect yal 2, 
J ——————_> K 
fi i & hot . 
eae os (10.02-7) 
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0.8 1.0 


wi 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Vranas. PGMTT (ace Ref. 1 by G. L. Matthaes) © 


FIG. 10.02-5 COMPUTED RESPONSE OF FILTERS DESIGNED AS 
IN TABLE 10.02-1 TO HAVE 30 PERCENT BANDWIDTH 
Design value of )/.9 was 0.850. Protetype same as 
for Fig. 10.02-4 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Trons.. PGMTT (see Ref. } by G. L. Matthaei) 


FIG. 10.02-6 COMPUTED RESPONSE OF FILTERS DESIGNED AS IN TABLE 10.02-1 
TO HAVE APPROXIMATELY 2 TO 1 BANDWIDTH 


Design vaiue for a)/ay was 0.650, which calls for W/W, = 2.077, 
Prototype same as for Fig. 10.02-4 


Note that the admittance inverter parameters J, k+1 4re replaced by im- 
pedance inverter parameters, A, Ae that odd-mode admittances (Vee4 Rey 
are replaced by even-mode impedances aya eel: and that even-mode 
adinittunces Clee) BKe are replaced by odd-mode impedances (2 pee 


The dimensionless scale factor, A, ois eased 14s before, except that in 


this case it scales the impedance level instead of the admittance level. . 


The filters in Figs. 10702-1(a), (b)-have their second pass band 


centered at 3g, and in theory they have infinite attenuation at 2a, + 


However, the resonators are actually resonant at 2a, (since the resonator 
strips are a wavelength long at that frequency), and the theoretical pole 


of attenuation arises only because the coupling regions hetween adjacent 


resonators are a half-wavelength long. (The coupling is maximum when the 
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soye 


coupling gaps are \/4 long and zero when they are A/2 long.) However, 
for this to work out in fact, for the attenuation to remain high at and 
near @) all of the coupling regions throughout the filter must be exactly 
A/2 long at exactly the same frequency, which must also be exactly the 
frequency for which all the resonators are resonant. Since this is 
almost impossible to achieve in practice, there are almost always narrow 


spurious responses in the vicinity of 2, for these types of filters. 


SEC..10.03, FILTERS WITH SHUNT OR SERIES A,/4 STUBS 


By use of equivalences which were summarized in Figs. 5.09-2(a), (b), 
it can be shown thet parallel-coupled strip-line filters of the form in 
Fig. 10.02-1(e)} ‘arevelectrical ly Gxectiy vgoivetent.tc arah filters of 
the form in Fig. 10.03-1. Likewise, parallei-coupled strip-line filters 
of the form in Fig. 10.02-1(b) are exactly equivalent to stub filters of 
the form in Fig. 10.03-2. It would be possible to work out a parallel- 
coupled filter design by the procedures ny See. 10.02 and then convert 
it to either the form in Fig. 10.03-1 or that in Fig. 10.03-2; however, 
parallel-coupled filter designs that have reasonable impedance levels 
and dimensions generally have quite unreasonable igpedance levels when 
converted to a stub-filter form. Similarly, practical stub filter de- 
signs generally do not convert to practical parallel-coupled designs. 

For this reason the design equations in this section are based on a some- 
what different design procedure than are those in Sec. 10.02. This pro- 
cedure gives reasonable impedance levels in typical stub filters, and 


also makes complete use of all of the natural modes of vibration of the 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI, reprinted 
in JRE Trans. PGMTT (wee Ref. 1 by G. 1... Matthuei) 


FIG. 10.03-1 A BAND-PASS FILTER USING Ap.“4 CONNECTING LINES 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in JRE Trans. PGMTT (see Ref. 1 by G. L. Matthaei) 


FIG. 10.03-2 A BAND-PASS FILTER USING Ao/4 SERIES STUBS AND i o/4 
CONNECTING LINES . 
This filter is the dual of that in Fig. 10.03-1 and can have 
identical response characteristics 


circuit (which the procedure in Sec.- 10.02 does not, as a result of the 


manner in which the end sections are designed). 


Both the filter in Fig. 10.03-) and that in Fig. 10.03-2 are com- 
posed of stubs that are Ag/4 long with connecting lines that are also 
r,/4 long, where A. is the wavelength in the medium of Propagation at 

A B ‘ pag 


the midband frequency w These two types of filters can be made to 


of 
have identical transmission properties. However, the form in Fig. 10.03-1 
is the one that is most commonly used since the series stubs of the filter 
rn Fig? "10.03-2 are difficult to. realize in a shielded structure. Since 
the filter in Fig: 10303-1 is the most important for practical applica- 


tions, it will be discussed first. 


In order to determine how many reactive elements are required in the 
low-pass prototype in order to give a desired rare of cutoff, the low-pass 
to band-pass mapping in q. (10.02-1) or Eq. (10.02-4) should be used. 
Having the low-pass prototype ‘parameters Bo: Bir B2+ +--+ 8,4, and a, 
and having specified the fractional bandwidth, w, and the Lerminating 
conductances y= Y,, the designer can compute the characteristic admit- 
tances of the stubs and connecting lines in a straightforward fashion 
from the equations in Table 10.03-1. In the equations there is a dimen- 
sionless constant d which may be chosen for some adjustment of the 
admittance level in the interior of the. filter. In the case of the 
equations in Table 10.02-1 the choice of the admittance scale factor, h, 


should have no effect on the transmission characteristics of the filter; 


however, in the case of the equations in Table 10.03-1, the choice of d 
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Table 10.03-1 

DESIGN EQUATIONS FORK FILTERS WITH SHUNT A, /4 STUBS 
AND 4/4 CONNECTING LINES AS SHOWN IN FIG. 10.03-3 
Sees. 


Use mapping Eq. (10.02-1) oF (10.02-4) to select a low- 
rototype with the required value of n. ‘the filter wil 
ave n shunt. stubs for an n-reactive-element prototype. 


f 


Compute; 
41 es ae ae 
Thee ; Ca Ja ae wy fal 
Y, wd AT Jaa “A |k=2 to n-? * 6ebeel 
Jn=1yn = & wee ; fake Cc, = 2de, 


and d is a dimensionless constant (typically chosen to be 
pive @ convenient : 
f the filter. (See text) 


1.0) which can be chosen so as to 
admittance level in the anteraor o 


i 2 m0 : 2 
4 Jy vet) ‘ RoE tan a 
Y, / 2 


Bee 


Newek, 
eR io) co n-l 
The characteristic admittances of the shunt stubs are: 
, 
42) 


Lf is EY 4¢ (1 - dg, tan 6 + Aen Y! 


([ J ee) 
ane ‘ _ vel, k | Uh, k+l 
Y, = Ya y-rie * Melee 4 cei: ee ) 


k=2 to a-l 


Y 78, €ael - de oe; ) tan a + AC eo: 


The characteristic admittances of the connecting lines are: 


J 
k, atl 
y - (ptt) 
Reel ot co ne} a A 
All. stubs and connecting lines are Ag 4 ineg, where \e is 


in the medium of propagation at the mid-band 


the wavelength 


frequency ap. 
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Table 10.03-2 muy have some small effect on 

NORMALIZED LINE ADMIETTANCES FOR THE TRIAL FILTER the approximations upon which 
DESIGN WHOSE RESPONSE IS SHOWN IN FIG. 10.03-3 
Filter designed using Table 10.03-1 from a 0.10 db 

ripple, a > 8, Tchebyscheff prototype using date, only values of d of 0.5 


@/) = 0.650 and d = 1.0 and 1.0 have been tested in 


this design procedure, but it 


the equations are based. To 


is probable that considerably 
different values in the range 


0 <d< 1 would give satisfac- 


tory results. 


All welues norzelized so Y, = Ys 


SOURCE: Final Report, aS zai 36-039 SC-74862, E . 
SRI; reprinted in IRE Trans. PGNTT (ec Table 10.03-2 summarizes 


Ref. 1 by G. L. Metthaci). 

the Tine admittances for a de- 
sign obtained using ann = 8- reactive element Tchebyscheff prototype with 
0.10-db ripple [Table 4,05- 2(a)].  Theradmittance level is normalized so 
that Y, 2 us = 1, and w/w, = 0.650 which calls for slightly over an 
octave bandwidth. Figure 10.03-3 shows the computed response of this de- 
sign. Note that though the ripples at the edges of the pass band are 
undersized, the pass-band performance is quite close to what was specified. 
The x's and circles on the graph show points mapped from the low-pass pro- 
totype response by use of Eqs. (10.02-1) and (10.02-4). Note that’ in this 
case the more complicated Eq. (10.02-4) gives much better. accuracy than 
does Eq. (10.02-1), for attenuation above 30 db. 


Note in Table 10.03-2 that the admittances of the end stubs are about 
half of that for the stubs in the interior of the filter. ror this reason 
it 1S sometimes convenient to build this type of filter with double stubs 
in the interior of the filter and with single stubs at the ends, as is 
illustrated in Fig. 10.03-4. Tabie 10.03-3 summarizes the line impedances 
for an n = 13. design which has the form in Fig. 10.03-4. ‘This filter was 
constructed and tested in rectangular-bar strip-line form and its important 
dimensions are summarized in Figs. 10.03-5(a), .(b}, and (c). The filter 
was designed for a band-center frequency of wy /2n = 3.6 Gc, and it was 
necessary to take account of the junction effect where the stubs and main- 
line meet, in order to properly determine the lengths of the stubs and the 
connecting lines. it was assumed that the Junction effect for a plus- 
junction must be similar to that of the T-junctions ia Figs. 5,.07-6 to 
5.07-9. From tests on the filter, the junction equivalent circuit and 


reference planes were estimated to be about as indicated in Fig. 10.03-6. 
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SOURCE: Final Report, Contract DA 36-039 SC-74802, SRE reprinted 
in URE Trans. PGOMUET (see Ref. Toby G. t.. Matthaet? 


FAG. 10:033 COMPUTED RESPONSE OF AF LTER DESIGNED AS IN TABLE 16.93-1 


TO HAVE APPROXIMATELY 2 TO 1 BANDWIOTH 
Design value for +). «Q was 0.650. Prototype hod 0.10-db Tchebyscheff 


poss-band ripple with » = 8 reactive e:ements 


RA-2926-TS 1968 — 


FIG. 10.03-4 OPEN-WIRE-LINE REPRESFNTATION QF THE FILTER IN FIG. 10.03-5 
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Table 10.03-3 


LINE IMPEDANCES FOR A BAND-PASS FILTER OF THE FORM IN FIG, 10.03-4 
HAVING n = 13, A BAND-EDGE RATIO OF Sa/fy = 2.175, AND 
APDHOXIMATELY 0, 1-db TCHEBYSCHEFF PASS-BAND RIPPLE 


$2.0 
a g 


These line impedances were €omputed from an na = 10, 0,.10-db ripple pre- 
totype since ot the time of this filter's design, tebles of siemsent 
vaiues for na lercger than 10 were Rot evailable. The design vas 
eugmented to m = 13 by adding additional fines and stubs at the ceater 
of the filter, the added lines and stubs having ampedances the same as 
those et che center of the an = 10 design. 
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FIG. 10.03-5(a) LAYOUT OF STRIP TRANSMISSION LINE BAND-PASS FILTER WITH 
UPPER GROUND PLANE REMOVED 
“See Fig. 10.03-5(b) for definitions of t and w as used here 
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PRESSURE 


CENTER nat sae eo LIP FOR 
CONTACT 


-y SHORT - CIRCUIT 
0.318" BLOCKS 
BETWEEN 


ALL STUBS 


PARTIAL TOP VIEW 
WiTH UPPER GROUND PLANE REMOVED 


SCREWS TO 
CLAMP SHORTING 
BLOCKS TO STUB 


-L-- = ¢+ 1005" FOR ALL DOUBLE STUBS 
: '@*0970" FOR THE SINGLE STUBS 
. PARTIAL CROSS-SECTIONAL VIEW 
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FIG. 10.03-5(b) SOME CONSTRUCTION DETAILS OF THE BAND-PASS FILTER IN FIG. 10.03-5(c) 


TRANSITION BLOCK 


0 276 gia HOLE 
— IN TRANSITION BLOCK 
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OF BACK SIDE. Ra -2526-T8- 203 


FIG. 10.03-5(c) DETAILS OF TRANSITION FROM FILTER TO TYPE-N CONNECTOR 
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Zo2 * 32.0 onms 


— w2*0.156"(0.156"x 0.205° BAR) 


Zo," 39.8 ohms 


GROUND PLANE 
SPACING 0.410" 


262" 52.0 ohms 
(a) 


030 
, Mhos WHERE A= WAVELENGTH 
IN AIR IN INCHES 


FOR t$ 5 kMc 
ASA, 


(b) 


RA-2326-TB-2008 


FIG. 10.03-6 ESTIMATED EQUIVALENT CIRCUIT FOR TYPICAL 
/ PLUS-JUNCTION IN THE FILTER OF 
FIGS. 10.03-5(a), (b), (c) 


The Aj/4 length for the stubs and the connecting lines was fiyured from 
the reference planes P, und P, indicated. The capacitive junction sus- 
ceptance B, 18 compensated for by reducing the lengths of each of the two 


side stubs by the amount 


Al ath (19.03-1) 
Any, » Vv. 
where re is the characteristic admittance of each of the two stubs. (This 


equation effectively removes an amount of stub on each side so that each 
stub plus half of the small junction susceptance B, will still be resonant 
at wy.) In the case of the T-junctions for the single stubs at the ends 
of the filter, the reference plane for determining the stub length was 
closer to the centerline of the main line’ so that the single, end stubs 
were made to be about 0.035 inch shorter than the double stubs in the 


interior of the filter. 


Figure 10.03-7 shows the measured performance of this filter. The 
band-edge ratio, Wy fo = 2.2], compared favorably with the 9.17 design 


value. In general, the performance 1s seen CO be in excellent agreement 


with the design objective. 


Design formulas for the ia Pore aa Fires (10,0352. can be obtained 
directly from the formulas in Table 10.03-1 by application of duality 
Thus, admittance quantities on table 10.03-1 are simply replaced by cor- 


responding impedance quantities as bisted below: 


| is pac ay ves Zs 

Jy iken seen 

Ye —-—> %, (10.03-2) 
Yh kel Peer ey hdd 

oe —> I, 


it would be possible to build a filterco® the type an Fig. 1003-2 shielded 
coaxial form by constructing the perPedestnlSmesestubs: within the center 


fonductor of ithe Line, as shown "in Fig. 10.03-8. 
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ATTENUATION = db 


MEASURED STOP BAND 
ATTENUATION 


PASS BANO REFLECTION LOSS 
COMPUTED FROM MEASURED VSWR 


PASS BAND ATTENUATION 
SPOT CHECK POINTS 


a ——- SEE PLOT ABOVE 
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SUUHGE: Final Report, Contract DA 36-039 SC-74802, SRI; reprinted 
in IRE Trans. PGMTT (see Ref. 1 by G. L.. Matthaes} 


RB-2525-VB- 7OER 


FIG. 10.037 MEASURED RESPONSE OF THE FILTER SHOWN IN FIGS. 10.03-5(a), (b), (c) 


H A-3527 $38 


FIG. 10.03-8 POSSIBLE MEANS FOR REALIZING THE FILTER IN 
FIG. 10.03-2 IN COAXIAL FORM 
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Just as with the parallel-coupled filters descussed in Sec. 10.02, 
the filters in Figs. 10.03-1 and 10.03-2 have their second pass band 
centered by 3w,, but they are very prone to have nareow spurious responses 
in the vicinity of 2m, if there is the slightest mistuning. Filters of 
the forms in Figs. 10.03-1] and 10.03-2 are candidates for use primarily 
as wide-band filters, because if narrow-band filters are designed in this 
form, their stubs will have unreasonably low impedance levels in the case 
of Fig. 10.03-1, and unreasonably high impedance levels for the case of 

Fig. 10.03-2.. 


SEC. 10.04, FILTERS WITH A5/2 STUBS AND A,/4 
CONNECTING LINES 

The filter in Fig. 10.04-1, which uses open-circuited Aj/2 stubs 
spaced Ao/4 apart, can be made to have pass-band characteristics similar 
to those of the filter in Fig. 10:03-1. which uses short-circuited A/4 
stubs spaced A)/4 apart (where A, is the wavelength at the pass-band 
center frequency w)). However, the filter in Fig. 10.04-1 has quite dif- 
ferent stop-band characteristics. If each Ag/2 stub is of the same 
characteristic admittance throughout its length, then the stop-band will 


have infinite attenuation at the frequencies w)/2 and 3a)/2. if the 


0, 7720 1! 1808 


SOURCE: Final Report, Contract DA 30-039 SO-74502, SRI, reprinted 
in JRE Trans PGMTT (sce Ref. } by G. WL. \lattheen) 


FIG. 10.04-1 SAND PASS FILTER WITH HALF-WAVEL ENGTH 
SHUNT STUBS AND QUARTER- WAVELENGTH 
CONNECTING LINES 
The reference wavelength is the propagation 
wavelength at the midband frequency, «'g 
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outer half of each stub is made to have an admittance that is a constant 
times the admittance of the inner half sof the stub, as indicated in 
Fig. 10.04-1, then the frequencies of infinite attenuation can be made 
to occur at frequencies other than w)/2 and 3w5/2. This type of filter 
will have additional pass bands in the Vicinity of w = 0 and w = 20, , 
and at other corresponding periodic frequencies. 

Filters in the form shown in Fig. 10.04-1 can be readily designed 
by a modified use of Table 10.03-1. The design is carried out first to 
give a filter in the lormin) Figs 10,0371 with ther destred pass-band 
characteristic and bandwidth. Then each shunt, quarter-wavelength, short- 
circuited stub of characteristic admittance Y, 1s replaced as shown in 
Fig. 10.04-1 by a shunt, half-wavelength, open-circuited stub having an 


inner quarter-wavelength portion with a characteristic admittance 


Y, (a tan? ao 1) 
Ye = 


(10.04-1) 
(a + 1) tan? Oo, 


and an outer quarter-wavelength portion with a characteristic admittance 
I : (10.04-2) 


The parameter a is fixed by 


Ta) 
2 = ae 
di eareot ( (10.04-3) 


Qu) 


08 ey /29)<(a, Jog) 


where @, = Tio, /2w9, and w, is a frequency at which the shunt lines present 
short circuits to the main line and cause infinite attenuation. * The 
principle upon which the above substitution is made is that Eqs. (10.04-1) 
through (10.04-3} are constrained to yield half-wavelength open-circuited 
stubs which have exactly the same susceptances at the band-edge frequency 
@, as did the quarter-wavelength short-circuiced stubs that they replace, 


while both kinds of stubs have zero admittance at w). 


To test out this procedure, a filter was designed as in Table 10.03-1 


to give 30-percent bandwidth (w/a) = 0.850) using a 0.10-db Tchebyscheff 


| 


ry 
Uf course, in an .ctca!l filter the atienuation wil} be finite due to the losses in the stubs 
Proventing the etut impedances from going to exactly sere. 
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prototype with n = 8. Then, choosing #,/w, = 0.506, which gives « = l, 
the quarter-wavelength stubs were replaced by half-wavelength stubs as 
described above, and the resulting computed response is shown in 
Fig. 10.04-2. Note that the pass band is almost exactly as prescribed, 
and that there are low-attenuation regions in the vicinity of w = 0 and 
W = uw, which are to be expected. The element values for this filter , 
are shown in Table 10.04-1. 

The 2-to-l-bandwidth filter design (Fig. 10.03-1 and Table 10.03-2) 
was also converted to this form using, @,/w) = 0.590, and 3tS response was 
computed. The features of the pass band looked much the same as those 


in the expanded plot in Fig. 10.03-3, while the stop bands consisted of 


pea enee Ot dea fe en 
EXPANDED PLOT OF. fs-- fe: 


FASS BAND 


La —¢d ; 


SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Trans. PGMTT (see Ref, 1 by G. 1. Matthaeci) 


FIG. 10.04-2 COMPUTED RESPONSE OF A 30-PERCENT-BANDWIDTH BAND-PASS FILTE= 
DESIGNED IN THE FORM IN FIG. 10.04-1 
Design value for «, eg = 0.850. Prototype hed 0.10-db Tchebyscheff ripple 
with n = 8 reactive elements 


~ 
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Table 10.04-1 very sharp attenuation spikes 


ELEMENT VALUES FOR THE FILTER OF FIG. 10.04-2 surrounding w/w, = 0.500, in 
REALIZED AS SHOWN IN FIG. 10.04-1 aomahnercaimi lat. tout Ween 
Filter designed froma 0.10 db cipple, na = 8, 


Tchebyscheff prototype using a [we = 0.850 Figs On Oe: except (hel aane 


and e/a, = 0.500. This, then, calls for attenuation bands were much 
a = 1 so that Yh = yy throughout. narrower. 
¢ &, 4 pe a - 
= 1.806 Yet eels. = is 0084 - Filters of the form in 
= 1.288 Yu, 7 ‘so = 1-292] © Fig. 10.04-1 should be par- 
4 a fe “ 
= 3.585 Yo a= AYemea 3.654 ticularly useful where the 
= 1.364 Yio. 3 4.277 pass bands arcund w = 0 and 
FP a) A : . 
All values normalized so that Y, sl. a aol Ys he We objectionable; 
SOURCE: Finel Report, Gontract DA 36-039 SC-74862, and where there is a rela- 
SRI; réprinted in JRE Trans. PGMTT (ace A 2 
Ref. 1 by G. L. Matthaei) tively narrow band of signals 


to be rejected. By the proper 
choice of w,, the infinite attenuation point can be so placed as to give 
maximum effectiveness against the unwanted signals. Although using the 
same w, for all of the stubs should give the best pass-band response, it 
may be permissible to stagger the w. points of the stubs slightly to achieve 
broader regions of high attenuation. Filters of the form in Fig- 10.04-1 
are practical for bandwidths narrower than those of filters of the form in 
Fig. 10.03-1 because .of the larger susceptance slope of half-wavelength 
stubs for a given characteristic admittance. For example, in the case of 
Fig. 10.04-1, the shunt stubs for this filter as shown in Fig. 10.04-1 
have characteristic admittances Y, = Y, which are 0.471 times the character- 
istic admittances of the shunt stubs of the analogous filter in the form 
in Fig. 10.03-L from which it was designed. ‘hus narrower bandwidths can be achieved 


without having the characteristic admittances of the shunt stubs become excessive. 


No accurate low-pass-to-band-pass transformation has been developed 


for filters of the form in Fig. 10.04-1. 


Since filters of the form in Fig. 10.04-1 do not involve any siuort- 
circuit connections, they ure very easy to fabricate in printed-circust 


strip-line form as suggested in Fig. 10.04-3- 


SEG 10.05, FILTERS USING BOTH SERLES AND SHUNT STUBS 


The filter in Fig. 10.05-1 makes use of short-circuited Ao/4 stubs 
spaced Ay/4 apart, which makes it similar to the filter in Fig. 10.03-1. 


However, the filter in Fig. 10.05-1 has, in uddition, a A,/2 series 


604 


COPPER FOIL a 
GROUND PLANES NS 


COPPER ----- 
_, PRINTEO 
CciRCuIT 


OIELECTRIC ~~ 


A-8527-539 


FiG. 10.04-3 A POSSIBLE PRACTICAL STRIP-LINE PRINTED- 
CIRCUIT VERSION OF THE FILTER IN FIG. 16.04-1 


RO Z2SIGTT 1OiR 


SOURCE: Final Report, Gontract DA 36-039 SC-74862, SHI, reprinted 
in IRE Trans. PCMTT (wee itef. 1 by G. 1. Mutthues) 


FIG. 10.05-1 BAND-PASS FILTER WITi? QUARTER-WAVELENGTH SHUNT STUBS, 
QUARTER-WAVELENGTH CONNECTING LINFS, AND HAL F- 
WAVELENGTH SERIES STUBS AT THE ENDS 


The reference wavelength is that at the midband frequency, «4 
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. short-circuited stub at each end. These A, /2 stubs yield frequencies w 
where “infinite” attenuation* occurs close to the pass band, similar to 
those of the filter in Fig. 10.04-2, but in this case the attenuation re- 
mains high at w = 0 and w = 2) (except for possible narrow spurious . 


responses at 2a) which can result from any mistuning). 


In this case a reasonably accurate low-pass-to-band-pass transforma- 
tion (Sec. 10.01) is 


os = ’ (10.05-1) 
a @& 
gee) 
“a Wy 
where 
(2c,) 
Boos tt 
as oey 
nee ae 
9 n (a = J 2 oe ; 2 
fie AGE we og 2u, w) 
sin = hack 800 ee 
os (35,) 2 On mua tt 5 
(10.05-2) 
@,/®) = 1 - w/2, and Wy, 18 a stop-band frequency where infinite attenua- 


tion is desired. 


After selection of a low-pass prototype with element values So: £1> 
Bar -++> Bag, @nd cutoff frequency a@, and after specification of Y,. 0 
(or @,/w,), and Wy/Wy 1 the design can be carried out by making the calcu- 
lations indicated in Table 10.05-1. As in Table 10.03-1, the dimensionless 
parameter d can be used to give some degree of freedom in establishing the 
impedance level in the interior of the filter. The choice of d will have 
some minor influence on the approximations involved in the design process, 
but values of d in the range 0 < d < \oshould!be-usable (to date only the 


value d = 0.5 has been used in trial desiyns), 


Table 10.05-2 shows the results of a trial design computed using en 
n = 8 reactive element and a 0.10-db ripple Ychebyscheff prototype, and 
using @,/w) = 0.650, w/a, = 0.500, Y, = 1, and d = 0.50. Figure 10.05-2 


— 


Of course, eas a result of dissipation in the circuit the attenuation will always be finite for 
frequencies w, but L, will typically go very high at frequeaciea where the A./9 atuba ore anti- 
resonant. uv 
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Yable 10.05-3 
DESIGN EQUATIONS FOR FLLTERS OF THE FORM IN FIG. 16.05-1 


. Use mopping Eqs. (10.05-1) and (10.05-2) to select low-pass 
prototype with the required value of a. 


Compute: 
an ot a vi w ae 
RS ite ipa BU Fle ee eaey 
where d =) is a dimensionless constant (typically one-half 


or somewhat Jarger) which may be chosen to give a desired 
impedance level in the interior of the filter. 


tie gt Pe Jyeer] ee 
Y ; y 7? , 
4 Kot F283 A lee3 co n-3 Bo’ Bebe ol 
Ears & Bo 
A By Fb n-28 neh 
| eas Wr 4 pe 2 
J aC tan 8, 
N © ( k 11) . ( a ) 
hed 9 to n-2 y ie 289 
ree) 


where w. is a frequency of infinite attenuation as indicated - 
in the example in Fig. 10.05-2. 


Referring to Fig. 10.05-1, for the stubs: 


la(ran oO )? - Voy Bye) 


A maee a eCoD Beene SE oo fy Sees 
A a ; 
YW (1 - dg ( J ) 
4} 2 23 
= t aA + Yin Payer SO 3 
2 ‘ Se Pape AN 2 Sled 
Jj J 
k-1 k hel 
Y Y (1 4 +N -- =! ils 1) 
Shales AN eotg EGS cy at) i, 
: ee 
Pe eet nttSos Ht ahasi Diy ~ Lar? eck 
n-i Byenel n-2,n-1 Gi 
2 , 
Cs Dialer 2 a 
“na RAC + 1) tan a ‘A “n 


For the connecting lines: 


shows the computed response of Table 10.05-2 

ELEMENT VALUES. FOR THE FILTEN OF FIG. 10.05-2 

; ; ‘ REALIZED AS SHOWN IN FIG. 10.05-1 

solid lines), while the circles = price, designed using Tablev10.09¢1 «from atGATORdE 

indicate points mapped froin ripple, n = 8, Tchebyscheff prototype using w/w, = 
0.650, 4/wy = 0.500, and d = 0.5. 


this filter (indicated by the 


the low-pass prototype response 
using the mapping in’ 

Eqs. (10.05-1) and (10.05-2). 
Note that the 0.1]-db point on 


the left side of the pass band 


is very nearly at w/a, = 0.650 Values norselized zo that Y, etre J 
Wie ane : : SOURCE: Finel Report, Contract DA 36-039 SC-73862, 
as specified, and that the re- SRI; reprinted in IRE Trans. PGWIT (see 


3 é Ref. 1 b amis heei). 
sponse in general is, for most : fo 2 Pilerdt data 


FILTER RESPONSE 
POINTS MAPPED FROM - 
PROTOTYPE RESPONSE 7 
USING Eq. 1:0 C5-it 


Ce 


SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in JRE Trans. POMTT (sce, Ref. 1 by G. L. Mattheei} 


FIG. 10.05-2 COMPUTED RESPONSE OF A FILTER AS IN FIG. 10.05-1 WITH 
APPROXIMATELY 2 TO 1 BANDWICTH 
Design value for u, ay was 0.650. Prototype had 0.10-db Tchebyscheff 


ripple with n = S reactive elements. Parameters d and ww» were 


both chosen as 0.500 
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engineering purposes, a satisfactory realization of the specified 


performance. 


Figure 10.05-3 shows a possible way for constructing filters of 
the form in Fig. 10.05-1. ‘The filter shown is in so-called split-block 
couxial construction. The round center conductors are within cylindrical 


cavities machined from a solid split block. Note that the A,/2 series 


CYLINDRICAL , SHORT -CIRCUIT ING ava 


Lip 


-ameee 


——— 
! 
' 
U 
' 
t 


1 { 
ly! SERIES 
STUB IN 
CENTER CONOUCTOR 
5 , 4 | 
aaa aD gms Sy | 
eal ‘ot 
i HR 1 eS | 
3 ets ta 
ee Oe, Le 
He 
{ 
A/a STuas~ >> A 


SECTION A— A’ 


@0 2926-1? :8e 


- FIG. 10.05-3 POSSIBLE WAY FOR FABRICATING WIDE BAND FILTERS 
OF THE TYPE IN FIG. 10.05-1 IN SPLIT-BLOCK 
CONSTRUCTION ny, 
The shunt, quarter-wavelength, short-circuited stubs cre realized 
in parallel pairs so that the characteristic admittance of each stub 
will be cut ir half, and so that the structure will be self supporting. 
The series, half-wovelength, short- circuited stubs are inside the 
center conductor 
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stub at the input of the filter is realized as a coaxial stub within the 


main line of che filter. 


SEC. 10.06, INTERDIGITAL-LINE FILTERS OF NARROW 
OK MODERATE BANDWIDTH 


Figure 10.06-1 shows one type of interdigital filter to be discussed. 
The structure, as shown, consists cf TEM-mode strip-line resonators be- 
tween parallel ground planes. Each resonator element is a quarter- 
wavelength long at the. midband frequency and is short-circuited at one 
end and open-circuited at the other end. Coupling is achieved by way 

of the fields fringing between adjacent resonator clements. Using the 
design procedure described in this section, Lines 1 te n in Fig. 10.06-2 
serve as resonators. , Lines 0 and n + 1, however, operate as impedance- 
transforming Sectivns and not as resonators. Thus, using the procedures 
of this section, an n-reactive-element low-pass prototype will lead to 


an interdigital filter with n + 2 line elements. 


If ail of the coupling effects are accounted for, the mathematics 
that describe the performance of such interdigital filters as those dis- 
cussed in this and the next section become quite unwieldy.? Since synthe- 
Sizing a structure to have a prescribed response is a much more difficult 


problem than analyzing a given structure, and since an exact analysis of 


LINE NUMBERS QO i 2 3 4 se 8 A art 
TERMINATING 4 TERMINATING 
CINE LINE 
ADMIT TANCE ADMIT TANCE 
Ya Yat%e 


A 5327-270 


SOURCE: (Quarterly Progreas Report 4, Contract GA 36-039 SC-87398, SRI; 
reprinted in JRE Trans. POMTT (face Ref. 3 by G. 1. Mattheei) 


FIG. 10.06-3 INTERDIGITAL FILTER WITH SHORT-CIRCUITED LINES AT THE ENDS 
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SOURCE: Quartecty Progress Heport 4, Contract 114 30-U39 SC-87398, SHI; 
reprinted in JRE Trans. PCMTT (sco Ref. 3 by G. L.. Matthaei) 


a-3927-275 


FIG. 10.06-2 CROSS SECTION OF AN ARRAY OF PARALLEL-COUPLED LINES 
BETWEEN GROUND PLANES 


such a structure is itself very tedious, the prospects of obtaining a 
usable exact synthesis procedure appear to be dim. ‘Thus, the synthesis 
procedure given here involves several additional simplifying approxima- 
tions (beyond those used fer the procedures in Secs. 10.02 through 10.05) 
that permit straightforward, easy-to-use design calculations. Aithough 
the design formulas are approximate, the results of trial designs indi,- 


cate that they are sufficiently accurate for most practical applications. 


Figure 10.06-2 shows an array of parallel-coupled lines such as 158 
used in an interdigital filter. The electrical properties of the structure 


are characterized in terms of the self-capacitances, C,, per unit length 


. 
of each bar with respect to ground, and the mutual capacitances, ©. ei 
per unit length between adjacent bars k and k + 1. This representation 

is net always highly accurate; it ts conceivable that a Signi fieant amount 
of fringing capacitance could exist between a given line element and, say, 
the line element beyond the nearest neighbor. However, at least for 
geometries such as that shewn, experience has shown this representation te 


have satisfactory accuracy. 


For designs of the interdigital-filter structures discussed herein, 
equations will-be given for the normalized self and mutual capacitances, 
C,/€ and Cy nei /®: for all the lines in the structure; where € is the 
dielectric constant of the medium of propagation. Having these normalized 
capacitances the designer can cbtain the dimensions of the bars, using the 


data in Sec. 5.05. 
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A convenient and reasonably accurate low-pass-to-band-pass transfot 
mation (Sec. 10,01) to use for estimating the attenuation characteristit 


of interdigital filters is 


‘ 0) Ww wy 
eo ” as ) (10. 06-1: 
wy w bed) ; 

where 
@, ~ a, 2 
Sp Hees, . 7 (1020622) 
@ 
0 
Wy + aw, 
w Bo SSS (10.06-3) 
0 9 AN 


and GB Fas 5 aa) WO, Wy, and Ww, #re as indicated in Figs. 10.01-1(a), (b) 


Table 10.06-1 shows approximate design equations for interdigital 
filters of the form shown in Fig. 10.06-1. ‘This type of design 18 most 
practical for filters having narrow or moderate bandwidth. Although no 
special investigation of this point has been made, it appears probable 
that one should consider thempossi by by ty of using the design equations 
in Sec. 10.07 when the bandwidth is of the order ef 30 percent or more, 
instead of those in Table 10.06-}. Both sets of design equations are 
valid, however, for either narrow or wide bandwidths. The main drawback 
wreearp Lyne the desian procedure in this section to filters of wide band 
width is that the gaps between Lines 0 and } and between Lines n and at 
(see Fig. 10.06-1) tend to become inconveniently small when the bandwidt 


is large, and the widths of Bars 1 and 2 tend to become very small. 


To use Table 10.06-1 for the design of an interdigital filter, firs 
use Eqs. (10.06-1) through (10.06-3) and the charts in Sec. 4.03 to esti 
mate the number, n, of reactive elements required in the low-pass protot 


in order to give the desired rate of cutoff with the desired pass-band 


characteristics. When the prototype cutoff frequency a; and element val 
Bos By +>» Bay, have been obtained from the tables in Chapter 4, the d 
Sign computations can begin. It is suggested that the filter fractional 


bandwidth, w, be specified to be 6 or 7 percent larger than is actually 
desired, since from the trial design described later it appears that the 


will be some shrinkage in bandwidth due to the approximate nature of the 
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; Table 10,06-l 
DESIGN EQUATIONS FOR ENTERDIGITAL FILTERS OF THE FORM 
IN FIG. 10.06-1 


Use mapping in Fqs. (10,06-1) to (10.06-3) to s 
prototype with the required value of n. ‘the in 
in this filter do not count as resonators, 
lines for an n-reactive-element prototype. 
- Compute: 


elect a low-pass 
sut and output lines 
so that there ure n + 2 


Jou pate ote i Jy k+l Sy Werke 
"4 V8 58, eas VE 8 
0°11 k=] to n-l 1 Sense] 
Jane ) 
4 V8 bat“ 


2 2 
U \ tan @ 
a se) ‘ 
re ton-l iK 4 


= J =n J ee 
Mig cre (Zou Vh + 1) Ps i ele (Zayas Vh ¢ 1) 
Y, & A 


where his a dimensionless admittance scale factor to be specified 
aye Y so as to give a convenient odimittance level in the 
filter. (See text.) ; 
The normatized self capacitances Cy/€ per unit length for the line 
elements are: 
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Table i10.00-1 concluded 


C, 


J 
316.7 ~ hel k _ Th kel 
4 SAC alias Y ¥ ) 


S re ton-l ve, 


nth s 376.7 (ay, a Mi) 


€ 
r 


where € is the dielectric constant and €, is the relative dielectric 
constant in the medium of propagation. 


The normalized mutual capacitances C, .,,/€ per unit length between 
adjacent line elements are: : 


ak) Sara A Es 
é rm , i) i! 
r 
Cy ett Betis (2 sat) 
G k=l to n-l ve, A ‘ 
Cc 
n 


SOURCE: Quarterly Progress Report 4, Cortract DA 36-039 SC-87398, 
SRI; reprinted in IRE Trans. PCMTT (nee Ref. 3 by 
G. L. Mettheei). 
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design equations. !owever, the desired value of v should be wsed in the 
mapping Eqs. (10.06-1) through (10.06-3) for determining a. ‘Note that 


yl s is the characteristic admittance of the terminating linea. 


Afver all of the J/Y, and N parameters in Table 10.06-1 have been 
‘computed, the admittance scale factor, h, must be fixed. One of the prime 
considerations in the choice of A is that the line dimensions must be such 
that the resonators will have a high unloaded Q. ‘The dimensions that give 
optimum resonator Q’s in such structures as interdigital filters are not 
known. However, it is known that for air-filled, coaxial-line resonators 
the optimum Q will result when the line impedance is about 76 chms, and 
various approximate studies suggest that the Optimum impedance for thick, 
rectangular-bar, strip-line resonators such as those in Fig. 10.06-2 is 
net greatly different. Thus, it, is suggested that. in this case h be 


chosen to make the quantity 


2C yak C, 2C, ae 


= (around 5.4) 


3 € € th=n/2 furneves 


=(nt1)/2 for n odd 
(10. 06-4) 


if air dielectric is used. If the quantity in Eq. (10.06-4) is set equal 
to 5.4 for the case of €, = 1, tnis corresponds to making the line imped- 
ance 10 ohms for the resonator lines in the center of the filter, under 
the conditions that the adjacent iines are being excited with the same 
amplitude of voltage but with opposite phase (this is a generalized odd- 
mode admittance condition). <A value for h, having Leen established, the 
remainder of the calculations follow in a aoe ea "38, manner. Aiter 
eres have been computed, the 
liae dimensions are determined as discussed in Sec. 5.05 {hy use of 


the normalized capacitances, C,/€ and C 


Eqs. (5.05-33) through (5.05-35) and the accompsny ing charts). 


A trial design was worked out using an A = 6 reactive-element 


Tchebyscheff prototype with L,, = 0.10 db. The prototype parameters were 
Bg etn ey 1.1681; eg, pe 1. 4039, “Bg 210562, iepiecsohlOucrs, = 1.9029, 
0.8618, &, = 1.3554, and Wy = 1. The design was worked ait for a 
0.10 centered at f, = 1.5 Gc. ‘Table 10.06-2 


if] 


Be 


fractional bandwidth of w 


u 


summarizes the various parameters used or computed in the calculations. 
The parameter h was chosen so that Eq. (10.06-4) would yield 5.4. The 
Pesulcing circuit has symmetry in its dimensions because the Tchebyscheff 
prototype is antimetric (i.e., one half of the. network is reciprocal to 


the other half as discussed in Sec. 4.05). - 
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Table 10.06-2 


TABULATION OF QUANTITIES IN TABLE 10.06-1 AND IN FIG. 10.06-2 FOR A 
10-PERCENT BANDWIDTH TRIAL DESIGN WITH a = 6 


0.10 0.0270 

1.492 Me = 0.02420 
0.05143 0.625 inch 

1 0.187 inch 


ey 


A : 
Changed to 0.127 inch sfter laboratory teotes. 
$ Changed to 0.437 inch after laboratory tests. 


SOURCE: Quarterly Progress Report 4, Contrect DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PCMIT (nee Ref. 3 by G. L. Macthaei). 


Figure 10.06-3 shows a photograph of the completed filter, while 
Fig. 1006-4 shows those dimensions of the filter not summarized in 
Table 10.06-2. The short-circuiting side walls of the structure are 
spaced exactly a quarter-wavelength apart at the midband frequency 
fi =) SGC (A,/4 = 1.968 inches). Because of the capacitance between 
the open-circuited ends of the resonator elements and the side walls, 
it was necessary to foreshorten the resonators so as to maintain their 
resonant frequency at 1.5 Gc. No very satisfactory means for accounting 
for all of the fringing capacitances at the open-circuit ends ef the 
resonators has been devised, but some rough estimates were made using 
fringing capacitance data in Sec. 5.05 and various approximations. The 
estimated foreshortening for the resonators was 0.216 inch, but laboratory 
tests showed this to be excessive since the pass-band center was 1.56 
instead of 1.50 Ge. Although the filter pass band can always be towered 
in frequency by use of tuning screws, if the resonators had been fore- 
shortened about 0.160 inch instead of 0.216 inch, the pass-band center: 


frequency would probably have been about right. 


Although the structure included tuaing screws, no effort was made 
to lower the band-center frequency to 1.50 Gc. However, it was found 


that since Resonators 1 and 6 have different fringing-capacitance 
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SR; 
: reprinted in JRE Trans. PGMTT (see Ref. 3 by G. L. Matthaei) 


FIG. 10.06-3 A 10-PERCENT BAND¥IDTH INTERDIGITAL FILTER WITH ITS COVER 
PLATE REMOVED 


conditions at their open-circuit ends than do the other resonators, 1 
was necessary to increase the capacitance at their open-circuit ends by 
inserting the tuning screws. Before this was done, the pass band ve- 

sponse was not symmetrical (this is indicative of mistuning of some of 


the resonators with respect to the others). 


When the filter was first tested, the pass-band VSWR ceacheda peaks 
of 2.2, which is somewhat high since 0.1-db ichebyscheff ripples caii 
for VSWHK peaks of only 1.36. Such conditions can usually be correctes 
by altering the couplings between the terminations and the first reso- 


nator on each end. Thus, a 0.032-inch-thick brass shim was added to the 
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O18? ALUMINUM JiG-PLATE 
UPPER GROUND WiTtH SECTIONS REMOVED TO METAL SPACER 
PL ANE FORM TRANSMISSION LINES. BLOCKS. 


ff 
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0.187 
; LOWER GROUND : 


“TOP VIEW, UPPER GROUND PLANE REMOVEO 


&-$5a7- 277 


SOURCE: Quarterly Progrese Report 4, Contsuct DA 36-039 SC-87398, SRI; 
reprinted in JRE Trans. PGMTT (sce Ref. 3 by G. I... Matthaei) 


FIG.-10.06-4 DRAWING OF THE 10-PERCENT BANDWIOTH 
INTERDIGITAL FILTER 
Part of the dimensions are as specified by Table 10.06-2 
along with Fig. 10.06-2 


input and output lines (Lines Q and 7) to reduce the adjacent gaps from 
So, ~ S67 7 0.159 inch to 0.127 inch. This reduced the input VSWH to 
1.30 or less across the band. It appears desirable that, in working out 
the design of trial models of interdigital filters as described herein, 
some provision should be made for experimental adjustmer.t of the size 

of coupling gaps at the ends, if the pass-band VSWR is to be closely 


controlled. 


Figure 10.06-5 shows the measured attenuation characteristic of 
this filter, while Fig. 10.06-6 shows the measured VSWR. The measured 
fractional bandwidth is slightly less than the desibn value (w = 0.0935 
instead of 0.100). Using w = 0.0935 and fy =.#,/ (21) = 12563 Gown 
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+ 


measured attenuation was compared with that estimated by use of the 
mapping Eqs. (10.06-1) through (10.06-3) along with Fig. 4.03-5. The 
measured attenuation in the stop bands was found to be somewhat less 
than that predicted for a Tchebyscheff filter with L,, = @.1-db ripple. 
lisowever, the pass-band VSWR in Fig. 10.06-6 is, for the most part, much 
less than the 1.26 peak value corresponding to a 0.1-db Tchebyscheff 


rippite, and some of the VSWR amplitude shown may be due to the connectors 


and slight mistuning.* The attenuation for a L,, = 0.01-db ripple filter. 


ayaa hee he plese ee ae ma ole i 
t 
' 


$5 150 155 1460 165 
FREQUENCY—Ge 
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Peewee 
{ 
on ATTEN — ob 
§ 5 
: w °o 
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ATTENUATION — dd 


10 |-——--—— 


SEE ENLARGED 
PLOT ABOVE 


re) ot te : 
1.30 640 1.50 1.60 1.70 1.66 


FREQUENCY — Ge 
A- 3527-276 


SOURCE: Quasterly Progress Report 4, Contract DA 36-039 SC-873938, SRI; 
reprinted in IRE Trans. POMTT (ece Ref. 3 by G. L.. Matthuei) 


FIG. 10.06-5 MFASURED ATTENUATION CHARACTERISTIC OF 
THE FILTER IN FIG. 10.06-3 


The paos-band VS®¥R is the gost sensitive index ef the cerretation of the actual desz:en as cow- 


pared to the peass-band characteristic of the prototype. 
feom through transmission weasurezents includes the edditivnal attenuacion due to dissipation 


loss, which may bo markedly groaters than @.] db depending on the Q's of che resonatora. 


The pasze-band attenuativoa as cetergined 


Lied 
= 
”n 
nee 
1.50 
1.00 
(55 1.60 165 
FREQUENCY— Ge 
4- 3827-79 
SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI 


reprinted in JRE Trans. PGMT-T (sce Ref, 3 by G. 1. Matthaci) 


FIG. 10.06-6 MEASURED VSWR OF THE FILTER IN 


FIG. 10.06-3 


filter (VSWR + ale lo peak) was also estimated, 


“in Table 10. 06-3. Note that 
is less than 


for a 0.01-db Thus, 


appears to be Bewsonabiy consistent 


ripple filter. 


Table 10. 06-3 
COMPARISON OF MEASURED ATTENUATION IN 
FIG. 10.06-5 WITH ATTENUATION PREDICTED 
USING MAPPING EQS. (10.06-1) To (10. 06-3) 
Computed values are for 0.01 and 0.10 db ripple, 
n= 6, w = 0.0935, and fy = &)/(27) = 1.563 Ge 


49.5 
eee ek 


SOURCE; 


Quarterly Progress 
BA 36-039 SC- 87398, 
IRE Trans, 
GOL. Matthaei, 


Report 4, Contreet 
SRI; reprinted ia 
PGHTT (see Ref. 3 by 
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that computed for a 0.10-db 
the given APproximat a 


With 


and the results are Summarized 


in all cases the HeAasured stop-band attenuation 


ripple filter, but more than that 
mapping Procedure 


the measured results. 


The second Pass band for inter- 
digital filters is Ceatered at 3a, 
(where @) 13 the center of the first 
Pass band). There are multiple- 


order poles of attenuation 


(Sec. 2.04) at w = 0, 2u),, dary, 
etc., so the Stop bands are very 
Strong. Unlike all the filters dis- 


Cussed earlier in this chapter, 

interdigital filters cannot Possibly 
have any spurious responses near 2a, , 
Aare, Bc F "NO atten how Poorly they 


may be tuned. 


Calculating from the measured pass-band attenuation of the trial 
design, it 1s estimated that the unloaded Q's of the resonators in this 
filter are about 1100. Using copper for the structure instead of aluminum 
would theoretically give a value about 25 percent higher for the unloaded 
Q's. It is possible that a different impedance level within the filter 
might also give higher Q's for a given ground plane spacing. Polishing 
the resonator bars and the ground planes would also help to raise the 


resonator Q's. 


The lines in the trial interdigita!l filter (Figs. 10.06-3 and 10.06-4) 
were fabricated by machining Lines 0, 2, 4, and 6 in comb form from a single 
prece of jig plate. Lines 1, 3, 5, and 7 were cut out similarly from a 
second piece of jig piate. (Actually, both comb structures were machined 
at ance, back-to-back. ) Then, interleaving the two comb structures between 


ground planes gave the desired interdigital structure. 


“ Figure 10.06-7 shows an alternative form of interdigital filter struc- 
ture that should be even less expensive to fabricate. In this case, the 
interdigital line structure is photo-etched on a copper-clad dielectric 
card, and the dielectric material removed from the region between the 


copper-foil lines. In order to provide yood support for the lines, the 


COPPER FOIL CIRCUIT 
TOP AND BOTTOM OF 


H TRI AR PPORT -~.- 
DIELECTRIC CARD SUPPORT —~. +> METAL GROUND 


“ PLANES 


HOTAL SHORT— 
_ CIRCUITING JARS 


_ DIELECTRIC CARD Cur 
AWAY BETWEEN LINES 


a 3527-260 


SOURCE: Quarterly Progress Report 4, Contract DA 36-039 5C-67398, SRI; 
reprinted in IRE Traas. PGMTT (see Ref. 3 by G. 1... Matthaei) 


FIG. 10.06-7 A PROPOSED LOW-COST CONSTRUCTION FOR INTERDIGITAL-LINE 
FILTERS 
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dielectric is not removed at the open-circuit ends of the lines, however, 
With the use of this structure, the propagation is largely in air, which 
should permit good performance; also, the dielectric-card line structures 


should be quite inexpensive to mass produce. 


Round rods between ground planes also provide an attractive form for 
fabricating interdigital filters.2 However, no data are yet available for 
accurate determination of the rod diameters and spacings from specified 


line capacitances. * 


SEC. 10.07, INTERDIGITAL-LINE FILTERS HAVING WIDE BANDWIDTHS 


In this section the interdigital band-pass filter discussion in 
Sec. 10.06 is extended to cover the filter structure shown in Fig. 10.07-1. 
Note that the structure in Fig. 10.07-1 differs from that in Fig. 10.06-1 


in that the terminating lines are connected to open-circuited rather than 


LINE NUMBERS 1 2 3 4 2 6 + aes ry 

TERMINATING es TERMINATING 
LINE : LINE 

ADMITTANCE df ADMITTANCE 
Ya Yat, 


A-393927- 271 


SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI; 
reprinted in JRE Trans. PGMTT (see Ref. 3 by G. L. Mattheei) 


FIG. 10.07-1 INTERDIGITAL FILTER WITH OPEN-CIRCUITED 
LINES AT THE ENDS 


short-circuited !ine elements. In the case of the structure in Fig. 10.07-1, 
when it is designed by the methods of this section, all of the line elements 
(including Lines 1 and n) serve as resonators. Thus, whea the procedure of 


this section is used, an n-reactive-element, low-pass protetype will lead to 


an interdigital filter with n interdigital line elements. 
a ee ee 
° . . 
Bolljahn and Matthaei (Ref. 2) give an approximate sethod for decsion of structures consisting cf rods that are 


all the same size and have the same spacings: A procedure for accurate design where varying diameters and 
apecings sre required has not as yet been obtained. 
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Table 10.07-1 presents approximate design cquations for filters of 
the form in Fig. 10.07-1. This type of filter is most practical for 
designs having moderate or wide bandwidths (t.e., pethaps bandwidths of 
around 30 percent or more), although the design prpcedure given is valid 
for either narrow- of wide-band filters. The main drawback in applying 
the procedure in Table 10.07-1 to narrow-band filters is that Lines 1 and 


n will tend to attain extremely high impedance in such designs. 


Except for the somewhat different design equations, the procedure for 
the design of filters of the form shown in Fig. 10.07-1 is much the same as 
that described for filters in Sec: 10.06. 1 -¥s suggested that Cor use in 
Table 10.07-1, w be made about -8 percent larger than the actual desired 
fractional bandwidth, in order to allow for some bandwidth shrinkage. 
Equation (10.06-4) 1s applicable when selecting a value for the admittance 


scale factor, Ah. 


A trial design was worked out using an n = 8 reactive-element 
Tchebyscheff prototype with ‘La, = 0.10 Ub. the prototype parameters were 
eon Weyer Lele Sie tage 1.4346, @,; = Deh OD aha. 1.6010, B85 = 2.1699, 

&. 125640, ¢, = hed444gy. = 0.8778, #, = 1.3554, and «w, = 1. The design 


was carried out for a fractional bandwidth of w= 0.70 centered at 1.50 Ge. 


and the parameter Ah was chosen to make Eq. (10.06-4? equal to 5.86. (This 
gives a generalized odd-mode impedance of 64.5 ohms for the middle lines. ). 
Table 10.07-2 summarizes some of the quantities computed in the course of 


the design of this filter. 


Figure 10.07-2 shows the completed filter, while the drawing in 
Fig. 10.07-3 shows additional construction details and additional dimen- 
sions net summarized in Table 10.07-2. - The filter was fabricated in much 
the same manner as the filter described in Sec. 10.06, except that the 
resonator lines were foreshortened by 0.150 inch. The rélatively smali 
cross-sectional dimensions of the resonator elements, unfortunately, made 
0.150 inch excessive, so that the measured band-center frequency was 
iss Ge instead of 150 Gem te ae probable that foreshortening the itue 


elements about 0.125 inch would have been about right. 


When this filter was. first tested, the VSWR was quite iow across the 
band (about 1.2 or less) except at band center where the VSWR peaked te 
1.8. This situation was altered by increasing the sy, and s,, gaps from 
0.087 inch to 0.092 inch, which caused the VSWR peaks across the band to 


be more nearly even and to. be 1.55 or less. 
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Table 10.07-1 
DESIGN EQUATIONS FOR INTERDIGITAL FILTERS OF THE FORM 
IN FIG. 10.07-1 


Use mapping in Eqs. (10.06-1) to (10.06-3) to select iow-pass 

rototype with the required value of n. ‘The input and output 
Vines in this filter count as resonators, so that there are n 
line elements for an n-reactive-element prototype. 


Compute: 


J g J | 698 
“hi k+l is 2 a2 nab cals 2°0 
v ; a Bo $8n-28 ae 


A |e=2t6n-3 . 8o"8e8ner 
; 2 4 2 
‘ t J Sg, tan 
kkdl 182 1 
woh poe to 2 4 89 
zy 


iz, = 1B 98) tan A 


Y wg ef 
Beat ee a a4 tuned RAINY, gusat 
Y, 28 i 23 Yq 
4 J J : 
k : oe _ e-lk | Uk, kel 
ss Neaaia ty ae Y, “Y 
k=3 0 w-2 A 


Y w' (2g. eres ) tan 8 Jj 
anh) i> Q°n-l 2" ntl t _ Lao? ant 
i Bot ntl ; Anta Y, 


z, ee me t F) 
Ze ~ M1 BpSney TAR Fy 


The normalized self-capacitances, C,/é. per unit length for 
the line elements are: 


Si Leeviglyt yoni Pivk) 
: ve, * (7) /2,) 
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Table 10.07-1 concluded 


aG Y Cc 

Be Ne | a} ped 

€ é, YA (¥) Vh € 
fa = 316.7 y4 (7) 

€ tk=3 to n-2 ve, A Y, 
Cree 376 Tope, i) < rg 
é ve, A \ Y, € 


where € is the dielectric constant, €, is the reJative 
dielectric constant in the medium of propagation, and h is 
a dimensionless admittance scale factor whose vatue should 
be chosen to give a convenient admittance level in the 
filter. (See Text.) oa 


- The normalized mutual capacitances Cy ge /€ Per unit length 
between adjacent line clements are: ° 


Grate Orb tiey) ow 
€ Ven etal Za) 24) 
Cy atl Dice naar (Haas) 
< k=2 to a-2 ve, A Y, 
Caotea = asad kee 
€ NG A (Z./Z,) 


SOURCE: Quartesly Progress Report 4, Contrect DA 36-039 
SC-87398, SRE; reprinted an JRE Trans. PCMTT 
{see Ref. J by G. L.. Mattheer). 
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI; 
teprinted in JRE Trans. PGMTT (sce Ref. 3 by G. L. Macthaei) 


FIG. 10.07-2. OCTAVE BANDWIDTH INTERDIGITAL FILTER WITH 
COVER PLATE REMOVED 
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O062-in ALUMINUM JIG-PLATE 
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-#7398, SRI; 
reprinted in JRE Trans. PGMTT (see Ref. 3 by G. L. Matthaei) 


FIG. 10.07-3 DRAWING OF THE INTERDIGITAL FILTER 
IN FIG. 10.07-2 


Other dimensions not shown are as defined by 


Fig. 10.06-2 and Table 10.07-2 


Table 10.07-2 


TABULATION OF SOME OF ‘THE PARAMETERS COMPUTED IN THE DESIGN OF 
ME TRLAL OCTAVE-BANDWIDTIE INTERDIGLITAL FILTER 


The dimensions are as defined in Fig. 


10.06-2 


Ski kth | 
(iaches ) 


Chonged to 0.092 inch after Ieboratony toate. 


t Computed usieg Eq. (5.65-26) for width correction. 
SOURCE: Quarterly Progreas Report $, Contract DA 36-039 SC-87398, SRI; 


reprinted in TRE Trans. PGMTT (aee Ref. 3 by G. LL. 


Matthaes. 


Figure 10.07-4 shows the measured attenuation of this filter, while: 


Fig. 10.07-5 shows 


1ts measured VSWR. 


The fractional bandwidth is 0,645 


instead of the specified 0.700 value, which indicates a shrinkage of band- 


Table 10.07-3 


COMPAHITSON OF THE MEASURED 
ATTENUATION IN FIG. 10.07-4 WITH 
ATTENUATION PREDICTED USING MAPPI NG 

EQS. (10.06-1) TO (10.06-3) 
Computed values are for 0.10-db 

Tripple, n = 8, » = 0.645, and 

f= o/(27) = 1.55 Ge 


: Ly db 
MEASURED 


SCURCE: 


Quarterly Progrena Report 4, 


Contract DA 36-039SC-87398, 
SRi; veprinted in IRE Trans, 


PGHTT (see Ref. 3 by 
G. L. Metthaei). 


width of about. 8 percent, as a result of the 
Various approximations involved in the desig 
equations. The attenuation characteristics 
in Fig. 10.07-4 was checked against the at- 
tenuation computed using the napping 

Eqs. (10.06-1) through (10.06-3) with 

w = 0.645, and f, = w,/(27) = 1.55 Ge, along 
4.03-5. The 


resulting computed values are listed in 


with the na = 8 curve in Fig. 


Table 10.07-3, along with the corresponding 
ineasured values of attenuation. The agree- 


ment can be seen to be quite good. 


DERIVATION QF THE DESIGN 
EQUATIONS FOR PARALLEL- 
COUPLED AND STUB FILTERS 


SEC. 10.08, 


The first step in deriving the design 


equations in Tables 10.02-1 through 
628 ; | 
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI; 
ceprinted in JRE Trans PGMTT (see Ref.3 by G. 1.. Macthaes) 


FIG. 10.07-4 MEASURED ATTENUATION CHARACTERISTIC OF THE 
FILTER IN FIG. 10.07-2 
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRE, 
re printed in IRE Traas. PGMUT (see thef. 3 by G. 1. Matthaei} 


E1G. 10.07-5 MEASURED VSWR OF THE FILTER © 
iN FAS. 10.07-2 
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Table 10.05-1 is to convert the low-pass prototype (Sec. 4.04) into the 
modified form discussed in Sec. 4.12, which uses only one kind of reactive 
element along with impedance or admittance inverters as shown in 

Fig. 10.08-1, where the impedance and admittance inverters are assumed 

to be frequency-independent and to have the properties summarized in 

Fig. 10.08-2. It will be recalled that the low-pass prototype element 
values Boe By» ha -) Bae having been specified for the circuit in 

Fig. 10.08-1(a), the elements f,, Lay Easy eee [Teme 


may be chosen 
an ee 
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(b) MODIFIED PROTOTYPE USING AOMITTANCE INVERTERS 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Trans. PONTT (wee Ref. 1 by G. L. Matthsei) 


FIS. 10.08-1 LOW-PASS PROTOTYPES MODIFIED TO INCLUDE IMPEDANCE 
* INVERTERS OR ADMITTANCE INVERTERS 
The Go: Gye -ee1 Gar Ga oy are obtained from the original pretetype 
Gs in Fig. 4.C4-1, while the Ry, Loy. ++. Lg, and Rx or the G,, 
(€ Hi 


and G, may be chosen es desired 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, 
Siti; reprinted in IRE Trans. PGHTT (see 
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FIG. 10.08-2 DEFINITION OF IMPEDANCE | 
INVERTERS AND ADMITTANCE 
INVERTERS 


as desired. Then the circuit with impedance inverters and series induc - 
tances will have exactly the same response as the original L-C ladder 
prototype if the impedance inverter parameters are specified as indicated 
by the equations in Fig. 10.08-1(a). An analogous situation also applies 


for the dual circuit in hig. 10.08-1(b). 


‘The derivations of the design equations in this chapter are based on 
pis uaclok the converted Prototypes in Fig. 10.08-1 using idealized, 


frequency -independent impedance or admittance inverters. The procedure 
will be to break up the modified prototype into symnetrical sections, and 
then to relate the image properttes (Chapter 3) of the modified prototype 
sections to the image propertics of corresponding sections of the actual 


band-pass microwave filter structure. 


631 


Procedure for Deriving the Equations tn Table 10,02-1--The design 
equations in Table 10.02-1 are based on the modified prototype shown at 
(b) in Fig. 10. 08-1, while Fig. 10.08-3 shows the manner in which the 
element values are specified, and the manner in which the prototype is 
broken into sections. ‘The image admittance, Pare tk. and phase, 
Beit (in the pass band) for each of the prototype interior sections 


(ie to So ,) are readily shown to be © 


Meupey (a Yiee (10. 08-1) 
and 
w'XC,/2) |G 
So ea yee eae fed 10.08-2) 
Byinen hg Ses aks J 2 es 
w& Ae ky kh +t 


where, in this case, C, = G,/w, and w is the cutoff frequency for the 
low-pass prototype. The choice of #7/2 in Fq. (10.08-2) depends on 
whether the inverter is taken to have £90-degree phase shift. The 
equations in Fig. 5.09-1(b) can be adapted to show that the image admit- 
tance and pass-band image phase for a parallel-coupled section, Serer 
such as those in the filter in Fig. 10.02-l(a) is 


= C)= 6/0 = 6, /w, 


h30,2,---,A RA-293G-T7-1738 


SOURCE: Final Report, Contract DA 36-039 5C-74862, SRI; reprinted 
in IRE Trans. PGOMTT (see Ref. 1 by G. 1.. Matthaci) 


FIG. 10.08-3 MODIFIED PROTOTYPE FOR DERIVING THE DESIGN 
EQUATIONS IN TABLE 10.02-1 


632 


V(¥,, = yane + (6 oie + ye? cos? @ 


LEE is ed a wi Seca | 
Vg ; (10.08-3) 


2sinU 


and 


[ Le fi Le, | 
=a ae se Se 
8s" cos cos U (10. 08-4) 
We re Wee 
where G = nw/2WwW» and Yo, and Yo. are the odd- and even-mode line admit- 
tances, respectively. The parameters of the parallel-coupled sections 
Sy). to Se his in Fig. 10.02-1(a) are related to sections Sr, to Cre 
of the prototype by forcing the following correspondences between the 


two structures: 


(1) The image phase of the parallel-coupled sections whens 
@ = Wy must be the same as the image phase of the pro- 


totype sections when w' = Q. 


(2) ‘The image admittances of the parallel-coupled sections 
when @ = @,) must he the same (within a seaie factor h)* 
as the image admittances of the corresponding prototype 


sections when w’ = Q. 


(3) The image admittance of the parallel-coupled sections 
when @- = @, inust be the same (within a scale factor h)* 
as the image admittance of the corresponding prototype 


sections when «! = Wh - 


(10. 08-5) 
Correspondence Cio ts fulfilled in this case by choosing the + sigo 
in Eq. (10. 08-2). Equating bys. (10. 08-1) and (10. 08-3) and evaluating 
each side at the appropriate frequencies indicated above, twe equations 
are obtained from which the equations for interior sections in 
Table 10.02-1 may be derived (with the help of the information if 


Figs. 10.08-1 and 10.08-3) by solving for FY and Y..- 


The end sections, Sy and S must be treated as 4a special case- 


i n,nei’ 
If Y,, (7) 18 defined as the admittance seen loeking in the right end of 


the parallel-coupled section So, in Pilg. 10.02-1(a), with the left ena 


pe 
a 
Tehing Gy = Gp = Y, = Ys: 
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connected to the input line of admittance Hi the following correspondences 


are forced with respect to Y: (jw') indicated in Fig. 10.08-3: 


(1). Re Y,,(J@9) = Re Y,.(j@,) for the paraltie! scouphed termi- 
nating circuit, just as Re Y(j0) = Re Yo Ae Op), ton the 


terminating circuit of. the pretotype. 


(10. 08-6) 
(2) Im ¥, (jay) /Re Y, (jo, ) must equal B'/G' = Im Yi (-jw,)/ 
Re Yee ja) computed from the prototype. 


In order to obtain additional degrees of freedom for adjusting the. adinit- 
tance level within the interior of the filter, the two parallel-coupled | 
strips for the end sections S), and Sine, Were allowed to be of unequal 

width and the special constraint conditions summarized in Fig. 5.09-3(a) 

were used in computing Y ((jm) for the actual filter. (The constraint 
Cheahon t Cras = 2Y insures that Correspondence 1 in Eq. (10.08-6) 
will be satisfied.] From Fig. 10.08-3 it is easily seen that 


Jee w'C, , 
You Gian = 7) == : 10. 08- 
in (J@ ) G, J 3 ( 1) 


The equations in Table 10.92-1 for design of the end sections Sy, and 
S, navy Of the parallel-coupled filter were then obtained by using Y. (jw) 
computed using Fig. 5.09-3(a), and Yi (jw') from Eq. (10.08-7) in the 
correspondences (10.08-6) above. lt should be noted that the admittance 


scale factor h = 1/VN, where N is the turns ratio in Fig. 5.09-3(a). 


Procedure for Deriving the Equations in Table 10.03-1—The equations 
in Table 10.03-1- were derived using much the same point of view as dis- 
cussed above for ‘able 10.02-1, except that the somewhat different modi- 
fied prototype in Fig. 10.08-4 was used. Note that in this case the Py 
and Joes admittance inverters are eliminated, and that the circuit has 
been split into a cascade of symmetrical sections. Note that the sym- 
metrical sections in Fig. 10.08-4 ore the same as those in Fig. 10.08-3, 
and that their image admittance and phase are given by Eqs. (10.08-1) ane 
{10.08-2). Now the stub filter in Fig. 10.03-1 can be pieced together as 
a cascade of symmetrical stub sections us shown in Sige tOROS = 50 Also, 
note from Fig. 5.09-1(b) that these stub sections are exactly equivalent 


to the parallel-coupled sections in the filter in Fig. 19.02-1(a). Due 


634 


Ci 8g, 61-0) 


29,7 cy, +c; 


fes Co 
ny 8 —_——— 
‘2 8, 92 


FIG. 10.08-4 


Bete On One ~ 96) 8not 


Co* 269, eC 


nel 
Gnet 
CPU Petunia, +CR 
Cc Cac 
as : Bi » Yn-tn ° {22 
ne a 
422 TO n- ah koh : 


MODIFIED PROTOTYPE FOR USE IN DERIVING THE 

DESIGN EQUATIONS IN TABLE 10.03-1 

The parameter d may be chosen arbitrarily within the 
< 

range O< d= 1 


a ysar fhe 


FIG. 10.08-5 THE FILTER IN FIG. 19.03-1 BROKEN 


INTO SYMMETRICAL SECTIONS 

The sections of this filter are designed 
using the prototype sections in 

Fig. 10.08-4 as o guide 


635 


to this equivalence, Eqs. (10.08-3) and (10.08-4) also apply for stub 


sections by substituting 
SOAS iy) eee ss) (10. 08-8) 


and 


(10. 08-9) 
oY, ya) 


= & : 
Relay 5 Yi, kh +] 
where Y,. hep 18 the characteristic admittance of. the A o/4 connecting line 
and Y} wee} 2S the characteristic admittance of the short-circuited N/4 


stubs in section S, trai of the filter (Piha. 10.08-5). 


The sections Sy. rey Of the modified proto type in Fig. 10.08-4 were 
related to the corresponding sections S,, het ee tee 10. 08-5) 0) eee band- | 
pass filter by first setting R wel bg Shor rigs LOCO8 “4)ma nt then apply- 
ing the correspondences (10.08-5) above. (Of course, in the statements of 
the correspondences * stub filter sections” should be used to replace “paralle}- 
coupled sections." ) The correspondences were first worked out using the admit 
tance level. of the Prototype in Fig. 10.08-4; later the admittance level was 
altered by multiplying all admittances by Lief ave Relating the prototype and 
band-pass filter sections made it possible to obtain-eyuations for the line 
admittences in the band- pass filter sections, and then the final steb admit- 
tances for the filter in Fig. 10.03-1 were computed as the sums of the 


admittances of. adjacent stubs, t.e., for the kth stub 


* Lis t ‘ . > 
", h=2 te n-l ay Ye k+l (10.08-10) 


The stub Yeo anki ge (10:08-S i's related to C; in Fig. 10.08-4 by the 
relation 
ctn 0, 


Y A 


wiCiR, = (10. 08-11) 


which forces the eusceptunce of the Yi atub at the band-edge frequency, 
@,, to be the same as the suaceptance of.C, of the modified prototype at 
the prototype band-edge frequency, « Or, (except for a possible admittance 
scale change ina the microwave filter). ‘Then the end stub Y, has ‘the 

4 


cvtal admittance 
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(10.08-12) 
The other end stub, Y,. 38 treated in similar fashion. 


Procedure for Deriving the Equations in Table 10.065-1--Vhe stub 
filter in Fig. 10.05-1 is much the same as that in Fig. 10.03-1, except 
that series Agi? short-circuited stubs have been added at the ends of 
the filter: In order to accommodate the series stubs, the modified 
prototype in Fig. 10.08-6 1s used, where it should be noted that there 
are now series inductances at both ends of the filter. fhe series stub 
Z, of the filter in Fig. 10.05-1 is related to the series clement L, of 
the filter in Fig. 10.08-6. This relation forces the reactasce of the 
serics stub at the band-edge frequency uw, for the band-pass filter to be 
the same as the reactance wih, of the prototype at the prototype band- 
edge frejyuency, cay (within a possible impedance scale change tor the 
“microwave filter). Tho Same: Wa SPIO eT GOTO EG aaries stub 2 at) the other 
end of the filter. In all other respects the derivation of the equations 
in Table 10.05-1 is much the same as the derivation for the equations for 


the stub filter in Fig. 10.03-1,. as discussed above. 


az>3 JO N-3 
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FIG. 10.08-6 MODIFIFD PROTOTYPE FOR USE IN DERIVING THE EQUATIONS 
IN TABLE 10.05-1 ; 


The parameter d may be chosen arbitrarily within the range G < d = | 
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SEC. 10.09, DERIVATION OF THE DESIGN EQUATIONS Or 
INTERDIGLTAL-LINE FILTERS 


The derivation of design equations for filters of the form in 
Fiz. 10,09-1 was explained in Sec. 10.08. Fiiters of this type consist of 
parallel-coupled resonators which wre A,/2 long at the midband frequency. 
There is a Aj/4, short-circuited input “hi output coupling line at each 
end of this filter; these are designed to serve only as part of an admit- 
tance transforming section. An interdipital filter of the form in 
Rig. .10.06-1 is obtained from the irleersinmerinutU.0o" : if each Ng) ae 
line is cut in the middle and folded aduuble to give tive structure in 
Fig. 10,09-2 Tt can be seen [rom Fig. 1:0.09- 3 that this operation has 
little effect on the currents and voltages on the lines, at least at 
midband. Figure 10.09- 3(a) shows the voltages and currents en 4 short- 
circuited Aj/2 resonator, while Fig. 10.09-3(b) shows the voltages and 
currents after the resonator has been cut and folded. Note that the. 
voltages and currents on the a and 6 portions of the resonator are the 


same in either case. 


The circuits in Figs. 10.09-1 and 10.09-2 are clearly not electri- 
cally the same. First, if the structure in Fig. 10.09-2 has significant 
fringing capacitances e extending beyond nearest- neighbor line eleménts, 
‘the coupling mechanism becomes much more complicated than is implied by 


the simple folding process. Second, the ciresil in big: 10.09-1 can be 


shown to have only a first-order pole of attenuation (Sec. +2) 04) 0a eae 
w= 0% 2a,, keg, etess while the cu rcurlasing huge 0.09-2 has high-order 
poles of attenuation at these frequencies. For this reason it was at 


first believed that feiding filter as in Fig. 10.09-2 would haveing 
little effect on its response fur frequencies wear a) (provided that 
fringing beyond nearest neighbers is negligible), but that the error 
might be considerable at frequencies well removed from i, (which would 
imply that the folding shown in Fig. 10.09-2 might considerably disturb 
the response of a wide-band filter). To check this point, the image 
cutolf Prequcncy predicted by the approximation in Figs. 10.09-1 and 
10.09-2 was compared with a previous interdig citak-line exact analysis® 
for the case where there 1s no fringing beyond nearest neighbors. 
Surprisingly enough, the r1mage bandwidths were ‘practical ly the same (to 
slide rule accuracy) by either theory, even for bandwidths as great as 


an octave. This unexpected result indicates that the folding process 
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SOUNGE: (Quarterly Progress Report 4, Contract DA 36-036 SC-87398, SRI; 
reprinted in IRE Trans. PGCMTT (see Ref. 3 by G.- 1.. Matthaei) 


FIG. 1009-1 A PARALLEL-COUPLED STRIP-LINE FILTER WITH 
Ag/2 RESONATORS | 
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Ye Var Ve 


SOURCE: OQuurterly Provresn Heport 4, Contract DA 36-039 SC-87398, SRI; 
ceprinted im (iE Trans. POMTT (sce Ref. 3 by @. 1. Matthaei) 


FIG. 10.09-2 AN INTERDIGITAL FILTER FORMED FROM THE 
FILTER in FIG. 10.09-1 
Each \,.’2 resonator has been cur ia two in the 


middie and then folded double 
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(b) 
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SOURCE: Quarterly Progress Report 4, Contract 
DA 36-039 SC-87398, SRI; reprinted 
in JRE Trans. PCMTT (see Ref. 3 by 
G. L. Metthaei) 


FIG. 10.09-3 EFFECT OF FOLDING A 
\o/2 RESONATOR TO 
MAKE A) 9/4 
RESONATOR 


in Fig. 10.09-2 should not greatly disturb the response of filters of 
the form in Fig. 10.09-1, even if the bandwidth is quite wide (previded 
that fringing capacitances beyond nearest-neighbor line elements are 
negligible). Experimental results show that in typical cases the fring- 


ing capacitance beyond nearest neighbor has no serious effect. 


The design equations in Table 10.06-1 were obtained directly from 
those in Table 10.92-1 (which are for a filter of the form in Fig. 10.09-1); 
along with the ‘ folding” ap Ta manmaehion in Fig. 10.09-2. Since the equations 
for the filter in Fig. 10.09-1 were shown to be valid from narrow bandwidths 
to at least bandwidths of the order of an octave, and since the folding ap- 


proximation appears to be reasonably good vo such bandwidths, the design 
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equations in Table 10.06-1 should, ia principle, be good for Large as 
well as for narrow bandwidths. However, the physical dimenstons of wide- 
band filters of this type are not as desirable us those of the type shown 


in Fig. 10.07-1: 


In-order-to derive design equations for interdigital filters with 


_open-circuited terminating lines (Fig. 10.07-1), design equations were 
first derived for the type of filter shown in Fig. 10,09-4. This) ixiter 
is nearly the same as the parallel-coupled filter in Fig. (10.09-1, except 
for the manner in which the terminating lines are coupled in. it is 
readily seen that if the folding process in Fig. 10.99-2 is applied to 

to the filter in Fig. 10.09-4, an interdigital falter with open-circuited 
input lines will result. [Tt might seem at first that design equapi ons tor 
interdigital filters with open-circuited terminating lines could have been 
obtained by folding a parallel-coupled filter that had resonators open- 
circuited at the ends [Fiy. 10.02-1(b)]. However, it will be seen that 
this cannot work, since the voltages at opposite ends of a A/2 open- 


circuited resonator have opposite polarity: 


&-SS27- 51? 


SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87348, STU; 
reprinted in IRE Trans POMTT (wee Ref. 3 by G. 1.. Matthaei) 


FIG. 10.09-4 A PARALLEL-COUPLED FILTER WITH A,/2 


SHORT-CIRCUITED RESONATORS AND OPEN. 
CIRCUITED TERMINATING LINES 
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Design equations for the filter in Fig. 10.09-4 were derived in a 
manner much like that used for deriving the equations for the filter in 
Fig. 10:09-2, except that the parallel-coupled line information summarized 
in Fig. 5.09-2(c) was used in designing the end sections. Note that this 
section also has impedance-transforming properties so that the admittance 
scale factor h = 1/VN, where N is the turns ratio of the ideal transformer 
in Fig. 5.09-2{c). Note that, in the derivation of the equations for 
filters of the form in Fig. 10.09-1, the mathematical constraint and . 
equivalent circuit in Fig. 5.09-3(a) were used. The constraint given there 
causes one natural mode (Sec. 2,03) of each end section to be stifled. 
When end sections as in Fig. 5.09-2(c) are used, all-natural modes are 


fully utilized. 


When the strip-line and open-wire line cquivalences in Figs. 5,09-2(4) 

and 5.09-2(c) are used, it will be seen that the strip-line circuit in 

Fig. 10.09-4 is electrically identical to the open-wice line circuit in 
Fig. 10.09-5S. The filter circuit in Fig. 10.09-5 is very similar to the 
filter in Fig. 10.05-1, for which design equations were presented in 

Table 10.05-1. ‘The filters in Fig. 10.09-5 and in Fig. 10.05-1 become. 
identical if we set a = © in Fig. 10.05-1 and Table 10.05-1, and if-we 
introduce an ideal transformer at each end of the filter while altering. 
the impedance level within the filter to make the impedances looking into 
the ends of the filter the same as before the transformers were introduced. 


Design equations for the filter in Fig. 10.09-5 were obtained in this manner, 


Ye * “a 
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SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SAI; 
coprinted in {RE Trans. PCMTT (sce Ref. 3 by G. L. Matthaei) 


FIG. 10.09-5 AN OPEN-WIRE-LINE EQUIVALENT CIRCUIT OF THE FILTER IN FIG. 10.09-4 
All stubs and connecting lines are \ 9/4 long at midband 
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and from these results equations for the equivalent filter in Fig. 10.09-4 
were obtained. Then the equations for the corresponding interdigital 
filter resulted from applying to the filter in Fig. 10,09-4 the folding 
approximation illustrated in Fig. 10.09-2. The reader will be interested 


to note that the J in Table 10.07-1 correspond to characteristic 


hy, ke) 
admittances Y, ,,, of the connecting lines in Fig. 10.09-5, while Z,, Y,, 
Vow > Y ayb eS epre Table 10..07-'1 correspond to the characteristic imped- 


ances or admittances of the stubs in Fig. 10.09-5, for the limiting case 
where the transformer turns ratio is N = 1. For N > 1 the admittances 


are scaled by the factor A. 


SEC. 10.16, “SELECTION OF MAPPING FUNCTIONS 


The plots presented herin show that when the function.in ty. (10.02-1) 
is uscd as indicated in Fig. 10.02-4 or 10.62-5. to map the response of a 
low-pass prototype, it will predict quite accurately the response of band- 
pass filters of the forms in Figs. 10.02-1 or 10.03-1 having narrow or 
moderate bandwidth. Although the function in Eq. (10.02-1) 1s very useful, 
it should not be expected to give high accuracy for wide-band cases because 
it ig not periodic (which the filter responses in Sec. 10.02 and 10.03 are), 
nor does it go to infinity fora = 6, 209) fig, ele., which 1s necessary 16 
order to predict the infinite attenuation frequencies (Sec. 2.04) in the 


response of the band-pass filter structure. It might at first seem that 


a) Ma) ; 
F fs) S) = COE ( ) (10. 10-1) 
*\ wo Jay 


would solwe this problem aicely, since (1) it as periodic as desired, 


the function 


(2) it varies simplarly to Ey. (10.02-1) in the vicinity of @,, and (3) 
it has poles at the desired frequencies, « = Dich g:. fog, ete. llowever, 
if the structures in Figs. 10,02-1 and 10.03-1 are analyzed, it will be 
seen that no matter what value of n is used, the poles of «attenuation at 
a= 0, 24),, hoy, 
n-reactive-element prototype as in Fi 


etc., are always first-order poles. * Meanwhile, an 
4.04-1 (which will have an ath- 


b- 
order pole at w’ = ®) will map so as to give nth order poles at w = 0, 


Fer example, for the filter form in Fig. 10.63-1, as «> 0 the effect of ell of the shunt stubs 
can be reduced to that of a single, shunt, rero-impedance branch which would produce a first- 
order pole of attenuation at w= 0. (One way-in which higher-order poles can be geaerated is 
to produce shunt, zero-impedance branches alternating with series branches heving anfinite 
impedence. See Sec. 2.04.) 
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2ev, 
Source of error is corrected in the case of Eq. (10.02-4) by replacing 
cot (7/20, ) by cos (17/2w.)/| sin (1/20, ) |, and then taking the ath 


root of the denominator. In this manner the poles generated by the zeros 


etc., if the function in Eq. (10.10-1) is used. This important 


of |sin (1/2, ) | become of 1/n order, which causes the nth-order pole 
at w’ = ® for the prototype response to map into first-order poles of 


the band-pass filter response at the desired frequencies. 


In the case of the circuit in Fig. 10.05-1], the poles of attenuation 
at @ = Q, 20), Aw, etc., will again always be of first order regardless 
of the value of n used. However, the series stubs at each end produce 
second-order poles at the frequency a, and at other corresponding points 


in the periodic response.* ‘Thus, the 
ROW a Ly ae 
¥|sin (7120/20, ) | 


factor in the denominator of Eq.. (10.05-2): assures that the nth-order 


oles at w’ = © in the prototype response will always map to first-order 
Pp P yp P y p 


poles at w = 0, 2, etc., for the band-pass filter response. [n addition, 


the factor 


W@W > OMe Bif@n 204 + w, 2 


ay }| [eM 2 yi We 


is introduced to cause the ath-order pole at infinity in the prototype 


response to map to second-order poles at a, (and other periodic points) 
for the band-pass filter response. In this manner, all of the proper 


poles of attenuation are introduced with their proper order. 


These principles can also be applied to the structure in Fig. 10.04-1, 
but this structure presents some new difficulties. It can be seen that 
this structure will develop nth-order poles of attenuation at «, and cor- 
responding periodic points. However, the half-wavelength stubs also 


introduce additional natural modes of oscillation which create, in addition 


This can be seen as follows: For w = w . each of the serics stubs represents an infinite- 
impedance series branch. For this Hye frequency, the interior part of the filter can be 
replaced by an equivelent T-section with a finite shunt impedance. Thus, the structure can 
be reduced (for'the frequency yp) CO two, series, infinite-impedance branches separated by a 
finite, shunt-impedence branch. This can be seen to result in a second-order pole of attenu- 
ation. (If the impedance of the equivalent shunt branch had been zero, the pole of 
attenuation would have been raised to thicd order.) ‘ : F . 
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to the desired pass band, a low-pass pass band (and corresponding periodic 
pass bands) as shown in the response in Fig. 10.04-2. his additional low- 
pass pass band approaches w. quite closely, with the result that, although 


the pole at w, is of relatively high order, its effectiveness is weakened 


by the close proximity of this low-pass pass band. — The function 
[fe Tw 
r{—\ s van ( ) (10.10-2) 
oS Wy ; . 
for the case of w/w, = 0.50 would map the prototype response Lo give a 


low-pass pass band, an nth-order pole at @,, and the desired pass band 
centered at ay. llowever, it would not properly predict how close the low- 
pass pass band comes to @,, nor could it account for the oversize attenua- 
tion ripples which occur in this band (see Fig. 10.04-2). As a result, 
the function in Ey. (10.10-2) predicts an overly optimistic rate of cutoff 
at the edges of the pass band centered al we. ft is probable that a useful 
approximation could be obtained by using a mapping function such as that 
in Eq. (10.10-2) with additional factors added which create zeros in 

F (w/w,), close to, but somewhat off of, the yw axis (regarded from the 
complex-frequency point of view as discussed in Secs. 2.63 and 2.04}. 
These zeros could then be located to extend the how-pass pass band upwards 


toward ™,, which should give the proper effect. 


The mapping in Eqs. (10.06-1) through (10.06-3) was found to predict 
the responses of the trial, interdigital filters reasonably well, so no 
further study was made of mapping for use in the design of iaterdigital 


filters. 
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CHAPTER 11 


SPECIAL PROCEDURES TO ATD IN THE PRACTICAL DEVELOPMENT 
OF COUPLED- RESONATOR BAND-PASS FILTERS, 
IMPEDANCE-MATCIIING NETWORKS, AND TIME-DELAY NETWORKS 


SEC. 11.01, UNTRODUCTION 


The preceding three chapters have dealt with design information of 
different -sorts for various specific types of band-pass filters, and also 
with general theory by which similar design information can be prepared 
fur additional types of band-pass filters. This chapter continues the 
discussion of band-pass filcers by treating various general techniques 
which are of considerable help in the prectical development of filters. 
That is to say, this chapter introduces additional information of help in 


reducing theory to practice, 


Sections 11.02 to 11.05 deal with laboratory procedures for deter- 
mining the Q's of resonators, for adjusting their couplings to correspond 
to the couplings called for by the theory, and for the tuning adjustment 
of completed filters. Sections 11.06 and 11.07 discuss the effects of 
resonator losses and present special design information for applications 
where minimizing the midband loss of a band-pass filter 1s important. 
Sections 11.08 and 13.09 present supplementary information to aid in using 
the filter design methods of Chapters 8 and 10 for design of impedance- 
matching networks, and See. 11.10 explains how these same procedures can be 
used for design of coupling networks for nepyative-resistance devices. 
Soeciion lichlas secluded to further clarify how the methods of Chapters o 
Jor 10euwihbesused Mor the design of band-pass -friter networks with spet.- 


fied nominal time delay. 
SEG site O2e MEASUREMENT OF Qo cinQs5 AND QO, OF A SI NGLY 
LOADED RESONATOR A 


Figure 11.02(a) shows a resonator with impedance-inverter coupling 
K, and ®4. The inverteroR. 1s opensci reulted on ehts right,“Sse that at req 
2 


flects a short-circuit at its left side. -As a sesultc: the crrecurt a: 


oA7 


(a) 


a $327 407 


FIG. 11.02-1 TWO EQUIVALENT SINGLY 
LOADED RESONATORS 


1 Wee 02- 1(a) may be replaced with the circuit in Fig. 11. 02-106), 


The resonator as shown has a reactance slope parameter (Sec. 8.02) of 
x wol. (11.0343) 


and an unloaded Q of 


0 x. : 
B, R (11. 02-2) 
rf 
The inverter K, reflects an impedance of Ry = Kari to the resonator 
which gives it a loaded Q of 
x 
le = on (Lig 02a 
RY + R, K?2 
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the external Q of the resonator is defined as the 0 with R, =) (it.e., with 
eS ©) > so that the resistive loading of the resonator is due only to ee 


Thus, the external Q is 


2° ee (11.02-4) 


Let us suppose that the resonator shown in Fig. 11.02-1(a), and its: 
equivalent form in Fig. 11.02-1(b), symbolize a resonator which with its 
adjacent coupling discontinuities forms a resonator of a waveguide filter 
eye us that in Fig. 8. 06-1, er forms a resonator of a small-aperture- 
coupled cavity filter such as is discussed in Sec. 8.07. Let us further 
suppose that the resonator under consideration is the first Pesawalor of 
the filver and its desired external Q has been computed by Eq. (6) of 
Pig. 8.02-3. The. problem at hand then is to make measurements on the 
resonator to see if its external -0-is-as)requited by the calculations 


from the low-pass prototype element values. 


Measurement of the values of 
OP Qi: and Q, of a singly loaded 
resonator can be made by use of a 
slotted line of characteristic 
impedance Z, = fy, along with pro- 
cedures. about to be explained. 


Since the resonator has some in- 


VSWR 


ternal loss represented by the 
resistor R, in Fie ati. O2-\, 

the VSWR at the resonant frequency 
t's atl Veofanites ok plotset the 


VSWR in the vicinity of resonance 


will have a shape similar to that 

i rig. 11.02-2. 

Be Fis eal 2 EG. 11.02-2 DEFINITION OF 
PARAMETERS OF THE 
VSWR CHARACTERISTIC 
FOR A SINGLY LOADED 


bine Fig. Lbc02<10b) 


K?2 

aol RESONATOR 
Z R 

=a . a we i. 2 er102-5) 

iat ; 
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the resonator is said to be overcoupled. This condition will be evidenced 
by the fact that the locations of the voltage minima on the slotted line at 
the resonant frequency fg (minimum VSWR frequency) will be about a quarter- 
wavelength away from their locations when the frequency is appreciably off 


tres 


resonance.* When this condition holds, the VSWR at resonance is 


Vio a) oe, ~  (41.02-6) 
For the so-called undercoupled case, the VSWIY at resonance is 


Ave jb So oe AIP oS {(11.02-7) 


This situation will be evidenced by the fact that the voltage minima on 
the slotted line will be in approximately the same positions at a frequency 
appreciably off of resonance as they are at the resonant frequency.! If at 


resonance the VSWR is V) = 1, the resonator is said to be erttically 


coupled. 


The procedure for measuring the various Q’s of a resonator is then to 
first measure the cavity’s VSWR in the vicinity of resonance, and then make 
a plot such as that in Fig. 11.02-2. At the same time, by noting how the 
voltage minima on the slotted line shift as the frequency deviates fromthe 
resonant frequency 1t should be determined whether the resonator 1s over- 
coupled, or undercoupled (or if V,) = 1 it is critically coupled). Then by 
use of Fig. 11.02-3(a) for the overcoupled case, or Fig. 11.02-3(b) for 


the undercoupled case, a parameter AV is picked from the chart for the 


* This assumes that the width of the resonance is quite narrow, se that there is little change 
jn the electrical length of the slotted tine over the frequency range of interest. The shift 
in the voltage ajnima results from the reflecticn coefficient at the input coupling ef the 
cavity being 180 different in phase at resonance from its phase well off resonance. 


t The assumptions mentioned in the immediately preceding footnote also apply here, In this 
undercoupled case the reflection coefficient between the slotted linc and the resonator input 
coupling has the same phase at resonance, as it does well off of resonance. As a result, the 
voltage minima will assume approximately the same positions on the sicited line at the 
resonant frequency es they will at frequencies well off rescnanet, provided the frequency has 
not been shifted so much as to greatly change the clectrical length of the slotted line. If at 
the resonant and eff-resonance frequencies the electrical distance between the resonator and the region of 
interest on the slotted line changes appreciably compared to a quarter wavelength, this fact should be © 
taken into account when determining whether » resonator is overcoupled vr undercoupled. 
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Vg —— midband vSWe 


FIG. 11.02-3(a) CHART FOR USE IN DETERMINING Q, OF AN 
OVER-COUPLED RESONATOR | 
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a 
4 


eas 


UNDERCOUPLED CASE tite 


~( VOLTAGE MINIMA ON SLOTTED 
LINE ARE IN ABOUT THE SAME 
POSITION AT RESONANCE AS FOR }- :- 
TTT A FREQUENCY APPRECIABLY OFF rod 
me eo E RESONANCE.) gunn 


< “FOR Vp>? lise 
pica SUSE A VEN oles 


Vo —— midband VSWR 


A-3527- 69 


FIG. 11.G2-3(b) CHART FOR USE IN DETERMINING Q. 
OF AN UNDER-COUPLED RESONATOR 


PUL ASS EE SSE PS 


given midband VSWR value Vy and for the value of N for the particular 
curve chosen. The choice of N is arbitrary, but it should be chosen 
large enough so that Vo ~ Vy + AV will be appreciably different from Vo. 
Tn the undercoupled case Vz and V, are sufficiently different when N = I. 


so that only the N = 1 case is shown in Fig. 11.02-3(b).° 


When AV has been chosen, 


Ve one AV (11.02-8) 
is computed, Next, as indicated iw Fre. PLJ02-2, the bandwidth Af. av the 
points where the VSWR equals Vo ts deteymined, Then the unloaded Q of the 


resonator is computed by the formula 


) Nf, 
=o BERS] 
Q f z Ci OZ ) 


[ff the resonator is overcoupled, then the external 9 is 


- (21, 02-10) 
se V5 6 & ede 
and the loaded Q is: 
Q = | (11.02-11) 
Vy See a) 
if the resonator is undercoupled, then the external Q 1s 
Ones Vita on (11.02-32) 
and the loaded Q is 
co (1102-15) 
= a i, Ud~is 
bows, Vg a ; 


eet ae eee 

° The significamce of the value of N in ea follows. The halfi-power point for the univaccé Y of 
a resonator occurs when the resonator reactance X equals the rcaenator resaatance R- jhe 
curves in Fig. 11.02-3(e) correapond te the resonator reactance being cqual to X= NR. For 
N= 1, Af ia the half-power bandwidth. For N other than one, Af = N times (hali-power 
bandwidth). 
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If the resonator is critically coupled, the equations for both the over- 


coupled and the undercoupled cases will work. 


To further clarify the use of these equations and charts, suppose 
that Vo = 7 and it is found chat the resonator is overcoupled. In order 
to make V. significantly different from Vy, it is desirable to use the 
N = 4 curve in Fig. 11.02-3(a), and this value of N should he used in 
Eq... (¥1.02-8). “Li, ¥% wereveven larger, it might be desirable t9 doubly 
load the resonator as described in the next section. Alternatively, 
measurements can be: made on the singly loaded resonator by using the 


phase method described by Ginzton. ! 


‘The discussion so far has been phrased in terms of series-type 
resonators with couplings which simulate K-inverters. The same analysis 
on a dual basis applies to shunt-type resonators: (which will have cou- 
plings that operate like J-inverters. As far as the laboratory procedures 
and the calculation of Q,, Q,, and Q, from the laboratory data are con- 


cerned, there is no difference whatsoever. 


The methods described above are very useful in determining if the 
couplings from the end resonators of a filter to their terminations are 
correct. After the external Q values are measured, they can be compared 
with the values computed from the lumped-element prototype elements by 
use of Eqs.? (6) and (7) of Fig. 8.02-3 or 8.02-4. Equations (6) and (7) 
of Fig. 8.02-3 or 8.02-4, along with the laboratory procedures described 
in this section, are applicable to all of the filter types discussed in 
Chapter 8, as well as to numerous other possible forms of coupled-resonator 
filters. By these procedures the end couplings can be checked and adjusted 
to be correct to give a filter response corresponding to that of the low- 
pass prototype. The procedures of this section are also useful for checking 


the unloaded Q of resonators so that the over-all filter pass-band loss 


can be predicted. 


If the reactance or susceptance slope parameter a or 4 of the reso- 
nators is known, this same procedure can be used for checking the couplings 
of all of the resonators of a filter. If a resonator with its adjacent 
couplings is removed from a filter and tested under singly loaded cendi- 


tions as in Fig. 11.02-1](a), then it is easily shown that 


1 x ( 0 ) 
J as Bo Ty . 11.02-14 
R, R,Q, 
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In the case of a filter 


applies where G, is the 


with shunt-type resonance the dual equation 


=" Die (11.02-15) 
: G,, tba 


generator conductance, J, is the admittance- 


inverter parameter, and & is the susceptance slope parameter. 
As an examplé, consider the case of filters of tle form in Fig. 8.95-1. 
By Eq. (8.13-16) the susceptance slope parameter of these resonators is 
4 = (n/2)¥,. aking G, = Yy, Eq. (11.02-15) becomes 
J, aie hoe 
ert ae rN (11. 02-16) 
Yo 20, 


Thus, by measuring the 0, of such a strip-line resonator connected as in 
Fig. 11.02-4, it is possible to determine the J/Y, value associated with 
a given size of capacitive 

coupling gap. Using a test 


unit such as that shown in 


fee 


ba Yo Yo 
Fig. 11.02-4, the proper cou- ie a Cor ae 
pling gaps tu give the J/Y) RESONATOR BAR 


TO SLOTTED ‘ 
LINE ; 


(1) 
to (3) of Fig. 8.05-1 can be 


Analogous pro- 


values called for by Eys. CAPACITIVE -GAP 


~ COUPLING pay 

determined. 

FIG. 11.02-4 A POSSIBLE ARRANGEMENT FOR 
EXPERIMENTALLY DETERMINING 
THE RESONATOR COUPLING GAPS 
FOR A STRIP-LINE FILTER OF THE 
FORM IN FiG. 8.05-} 


cedures will, of course, also 
work for other types of | 


filters. 


The procedures described 
above concern themselves pri- 
marily with experimentally i 
adjusting the resonator couplings to the proper values. The matter of 
obtuining the exactly correct resonant frequency will be treated in 


e035 


cases has little effect on their couplings. 


Sec. 4 Fortunately, tuning adjustments on resonators in typical 


VYhe procedures of Chis 
are most 


section accurate when the Q's involved are relatively large. 


in some cases they can be helpful even when quite low O's are 


liowever, 


involved (such as, say, 20 or so). 
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SEC. 11.03, TESTS ON SINGLE RESONATOKS WITH LOADING 
AT BOTH ENDS 


In some cases there is considerable advantage in testing a resonator 
under doubly loaded conditions as shown in Fig. 11.03-1, rather than under 
singly loaded conditions as shown in Fig. 11.02-1(a). The VSWHs to be 
measured will usually not be 
as high, and in some cases 
the resonant frequency of a 
single resonator will be ex- 


actly the same under doubly 


loaded conditions as it will 
be ina multiple-resonator 
FIG. 11.03-1. A DOUBLY LOADED SINGLE filter. Thus, 2t0 63a 
RESONATOR both the couplings and the 
resenant frequency of reso- 
nators for a multiple-nesonatam 
filter can be checked by this 
procedure. ‘The details concerning tuning will be discussed in Sec. 11.05. 
In order to check couplings other than the end couplings of a filter, it 


is necessary with this procedure to know the resonator slope parameters. 


With respect to Fig. 11.03-1, the external Q, (Q,),, will be defined 


as the Q when the circuit is loaded only by R, on the left (i.e., R, on 


A 
the right is removed so as to leave an open circuit, and R, = 0). Simi- 


4 


larly, (On is the external Q when the circuit is loaded only by HK, on. 
the right. Note that if K, and K, are different, (Q,), and (Q,), will 


be different. The unloaded Q, Qo of the resonator is its Q when both . 
of the R, terminations on the left and right are removed, and ihe reseo-- 
nator’s only resistive loading is that due to its internal less (repre- 


scuted by Rein big. 11.03-1-)2 


The loaded Q, 9,, of the doubly loaded resonator is 


QP Ra a eee Kldi03=10 


(11.03-2) 


where fg is the resonant frequency of the resonator and (Af,) is here 


3db 
the bandwidth for which the attenuation for transmission through the 


rescnator is up 3 db from that at resonance. 


The attenuation through the resonator at resonance is 


LTS de 
(L,) = 10 10819 | ————_——_———- ? (1103233 


The definitions of (Q,) » (Q,)., O,, and Q, mentioned above apply 
; 1 
analogously to any resonator regardless of whether it is of the series- 
or shunt-resonance type. Equations (11.03-1) to (1!.03-3) also apply 


regardless of the form of the resonator. 


It is possible to check the couplings of a resonator by computing 
theoretical values for Q, and (L,) and then by attenuation measarcments 
6 
compare the measured and computed (Af) 54, [which by Eq. (11.03-2) gives 


Gri; and (L,) . However, usually VSWR measurements are casier. 
0 Y , 


If the measurement procedures of Sec. 11.02 are applied by making 


SWR measurements at the left side in Fig. 11.03-1, (Q,) can be deter- 
i 


mined along with an apparent unloaded Q which is equal to 


(Q) 2 ——— : (1L.03-4 


ees 
ue (Q,) 
2 


Similarly, if VSWR tests are.made from the right side in Fig. 11.03-1, 


(Q,) and un apparent unloaded Q 
2 


‘are obtained. The VSWR sccn from the deft at resonance will be 
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) 


( 

2), Q, 

(V ) ; es? ORO). ° (11.03-6) 
lt eee een ere ole 2 

case 


(Vy) 


The VSWR seen from the right at resonance will be 


preeti Q), 
Ve) - Ep eee] Peeteat ieee 
ma overcoupled x (Vy) (Q.), 1S + (Q)) 


2 
case undercoupled 
case 


Ona 


| : (11203275 


Since (Q,) and (@,) are obtained directly from the measurements as de- 
scribed above,it is possible to compute Q, by use of Eq. (11.03-6) or 
(11.03-7). However, using single loading as described in Sec. 11,02 will 
usually give better accuracy for that purpose. If Q, is known to be large 
compared to (Q,). and (Q,)_, 1t will be convenient te measure, say, (Q,), 


‘and then compute oo from Eq. (11.03-6) using QO, = 2, 


% Ra 434 i A45 
Yo Yo Yo 


TOSLOTTED RESONATOR 4 TO LOAD 
LINE : OF ADMIT TANCE 
Yo 
43527-4145 


FIG. 11.03-2 AN ARRANGEMENT FOR TESTS ON 
A STRIP-LINE RESONATOR USING 
LOADING AT BOTH ENDS 


Figure 11.03-2 shows how a resonator from a filter such as that in 
hig. 8.05-1 can be tested using the procedure described above, The 
resonator shown is assumed to be Resonator 4, of a, say, S1ix-resonator 
filter, and it is desired to see if the capacitive gaps As, and ay are 
correct to correspond to the J,,/Y, and Jy5/VY_ values computed by Eqvatead 
of Fig, 8.05-1. By measurements as described above, external CFs (Q,) 


and OU for loading at the left and right ends, respectively, of the 
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resonator as set up in Fig. 11,03-2 are obtained, and then the 
corresponding values of Lai and deel We can be computed by use of 


Eq. (11.02-16) in the form’ 


= pe : . Cth 04-98) 


[f the Jee > Values are incorrect, the gap spacings can pe altered 

to produce the correce values. The resonwtor an Fig. 11,03-2 would 

have exactly the same resonaat Frequency when Aperaied AS ShowW ais be Mould 
when operated in a multaple-resonator falter as shown om Fig. Sane Pot 
that reason, after the cesonant frequency of the resonator has been 
checked with the proper coupling gaps, the length of the resonator har 
can be corrected if necessary to give the desired resonant frequency. 
(Sce Sec. 11.05 for discussion of tuning corrections for other types of 


; filters.) 


This procedure 1s particularly handy for the pepe eros bene resonators 
discussed in Sec. 8.05, because the individual resonators can be easily 
tested separately and then later inserted together in the complete 
multiple-resonaior filter. In cases such as the analogous waveguls 
filters in Sec. 8.06, it may be desirable to build a test: resonator with 
the coupling irises mounted ia waveguide coupling flanges. — In this 
way the irises being checked can casily he’ removed and their dimensions 


altered as indicated by the tests. 


SEC. 11,04, PESTS ON SYMMETRICAL PALRS OF RESONATORS ¢ 


Most microwave filters are symmetrical. Phen, for cach resonator 
with given couplings at one end of the filter there is. anothet identical 


¢ 
aL 


4 A 3 : : , 
resonator with identical couplings at the ether endiof the filter. 
is often feasible to check the couplings within a filter (and sometimes 
. 

| f ~ : . : 

| Nieovorcheck tie tuning of Cle resonarors precisely) by disassembling 
: 

the filter , connecting the pares of identical fesonators together, ana 
A special advantage of this procedure 


| testing them a pair at a time. 


° 
i» indicated in Sec. 1F.02, thes equation 
| = (u/2) Yo as, is the case for filters of the form dascussed in See. 8.0%. 


is based ow the resonator stope parcumeters berg 


| 
{ Dishal hes discussed a similar two-resonator technique an someehat different terms, See Nef. 2 
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over the procedures describedespecss bu.O2and 11.03 isthat the coefficient 
of coupling k see Eqs. (8) of Fig. 8.02-3 and 8.02-4} for the coupling between 
resonators can be determined without specific knowledge of the slope 
parameters of the resonators. (See discussion in Sec. 11.02.) Also, 

‘sn most cases, two sharp points of good transmission will be obtained, 

so that fewer measurements are tequired in order to get the desired 


information. 


As an example, consider the symmetrical pair of cavity resenators 
shown in Fig. 11.04-1. In the discussion to follow, Q. is the unloaded 
Q of either of the cesonators by itself, U . is the external Q of eithez 
one of the resonators loaded by its adjacent termination (with Q. equal 
to infinity), und k is the coefficient of coupling between the two 
resonators. 


Cohn and Shimizu? have shown that the attenuation of a symmetrical 


: ian 
pair of resonators 18 


ADJUSTABLE 
“OOP COUPLINGS 


—__— _—_—_—— 
TO SLOTYEO bsecmencenemces “| 2 wen) 
Line OF TERMINATION 
IMPEDANCE Z, Ze 
Q, Q, 
TUNING SCREWS 
8-3527- 414 


FIG. 11.04-} SYMMETRICAL PAIR OF CAVITY RESONATORS 
WiTH LOOP COUPLINGS 


Ca nc 


*aAs is implied by the use cf au = (f ~ fy)/fq as a frequency variable, this equation invelves 
approximations which are most accurate for narrow-band cases. 
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where 


j 
Jy 


At midband 


‘2 
Q. 
) We se Rosi: 
Q, ke), 
L = 10 log is 
A 10 2 
if 2kQ. 2 
OY Mae 
Lihiecn 
Q, 30? . 
+ 2 S27 ibe) shout Biot 
k? ‘ &? 
ho fe 
fg 
= frequency 
= midband frequency 
the attenuation 15 seen Lo be 
r ae hots 
a 
re 
ee ery, 
| ( | kQ. 
a) _—_—-—— t— 
CoN 0 1oR x9 kU 2 


if the condition 


is satisfied the response will 


Fig. 


the resonato 


11.04-2, and the resonators are 


oo 
Vv 
eS 
ae 
ty 
Be 
< |= 
Ss 
er 


said 


rs are suid to be critically 
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have a hump in the 


middle as 


to be overcoupled. 


coupled, white rf 


db 


(11.04-1) 


db 


ra ene ope 


€11.604-3) 


shown in 


Vf 


k < + (11.04-5) 


1 1 
OnE 
the resonaters are said to be 


undercoupled. In the critically 


coupled and undercoupled cases 


kg == db 


the response has no hump in the 
middle, and the midband loss 
increases as the resonators 


become more undercoupled, It 


should be noted that this use 


B5sc7 413 


of the terms overcoupled, 


criticaliy coupled, and under- 


FIG. 11.04-2 TYPICAL RESPONSE OF AN : : : 
“OVERCOUPLED" SYMMETRICAL coupled is entirely different 
PAIR OF RESONATORS from the use of these terms in 


discussing single resenators 
(see Sec. 11.02). 


A possible way of making tests on a pair of resonators such as those 
in Fig. 11.04-1 is to first make single-resonator tests on, say, the 
resonator on the left using the methods of Sec. 11.02, with the resonator 
on the right grossly mistuned by running its tuning screw well in. This 
would make the second resonator have negligible effect on the resonance 
of the first iesonator. From these tests, values for Q. and ee can 
be obtained. Then, if the resonators are tuned to the same frequency 
(see Sec. 11.05) dnd the midband attenuation COs is measured, the 


coupling coefficient k can be obtained by solving Eq. (11.04-2) for k. 


[n most cases when testing pairs of resonators from a multiple- 
resonator filter, the response will be greatly overcoupied. In such 
cases, rather than measure (O93; lt may be more convenient to measure 
the. frequencies f., and f, in Fig. 11.04-2 by finding the points of 


minimum VSWR. Then it can be shown that 


i 1 ONE 
yo Ty cet eee : (11. 04-6) 
Aiewal on 0: | 
where 

Vern) « 

w 2 saesSeessse 11.04-7 

a he : ( 4-7) 
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Note that if Q, and Q, are hoth sizeable compared to 1/w™,, rather 


large perceniuge errors in Q, or in Q) will cause little error ink. 


The strip-line impedance- and admittance-inverter data in 

Figs. 8.05-3¢a), (b), (c), and 8.08-2(a) to 8.03-4(b) were obtained by 

: laboratory tests using symmetrical, Lwo-resonator test sections with 
adjustable coupling discontinuities between resonators. The couplings 
at the ends were held fixed and were made to be quite loose so that | 
Q, would be quite large and so that the response would be greatly 
overcoupted (which made the low-VSWR points at G2 ands 74 in Fig. 11.04-2 
very sharp and distinet). After the coupling coefficient between 
resonators had been determined using the procedures described above, it 


was possible to determine the inverter parameters since 


Ht meee Keg 
23) : ’ oat 
: Or er Ne) (11. 04-8) 


k. = 
dog *1 ae 
Thanarre’ % Lay 


as was discussed in Sec. 8.02, and since the resonator slope parameters 


in this case are 6 = d(/4)¥, or oo u(7/4)Z,., where d is *n integer 


equal to the nominal number of quarter-wavelengths in the resonators 


(see Sec. 8.14). 


Note that determining the inverter parameters from the coupling 
coefficients requires knowledge of the resonator slope parameters. The 
inverter description of a coupling 13 usually more useful for purposes 
of analysis because specification of the inverter parameter gives more 
safotmation than does specificavion of a coupling coefficient. However, 
fixing the coupling coefficients Repel between resonators and the 
external Q's of the resonators at thes ends of antilevercas, called for 
by Eqs. (6) and. CO) cod Fag. 8202-37 0F 8.02-4 is adeguate to fix the 
response of the filter as prescribed Civent tau léaspia forhe filter is 
of narrow or noderate bandwidth, and iff the resonators are all preperiy 
cuned to the’ same frequency). Thus, the procedures of this section 
along with those of Sec. 11.02 are sufficient to properly adjust the 
: the couplings of a filter of narrow or moderate bandwidth, even though 
the resonators may be of some arbitrary form for which the resonator 
slope parameters are unknown, If the filter is of such a form that 
the resonators can easily be removed, it may be convenient to remove 


the resonators two at a time and test pairs of adentical resonators 
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“(assuming that the filter is symmetrical), Ff the resonators are not 
easily removed, it may be desirable to construct a separate, symmetrical, 
two-resonator test filter designed so that the couplings can easily be 
altered. This test filter can then be used to check out the designs 


of all of the couplings. 


ead oh OP 11.05, TUNING OF MULTIPLE-RESONATOR BAND-PASS FILTERS 


The word tuning as used herein refers to the process of adjusting 
all of the resonators to resonate at the same midband frequency By. 
In general, synchronously tuned band-pass filters (of the sorts 
discussed in Chapters 8, 9, and 10) which are properly tuned will have 


a response that is symmetrical about the midband frequency w except 


' 
for some possible skew as a result of the variation of the couplet 
with frequency {[see, for example, the response in Fig. 8.08-5(b)]}. 

In contrast, if a band-pass filter of this type has the resonators all 
properly tuned, but the couplings are not correct; the response will 
be nearly symmetrical, but it will otherwise have an improper shape 
(for example, pass-band ripples of the wrong size, or improper 


bandwidth), 


Alternating Short-Circuit and Open-Circuit Procedure—A procedure 
which is frequently very useful for tuning synchronously tuned filters 


can be understood with the aid of Bi gewlieos-1.  ihisedi gure shows a 


Ape 


8 


2 


Yin 


A-YSTY-4:% 


FIG. 11.05-1 A THREE-RESONATOR BAND-PASS FILTER 
The switches are used to open-circuit the series resonaters 
and to short-circuit the shunt resonator during the tuning 
process 


a a errr ore i cab meirrsnrsaaeeneonecns-acnecriensiouy 


¢ 
- This procedure is the same as that described by Ureshal in Ref. 2. 
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band-pass filter having two series and one shunt resonator, and switches 
are provided Lo open-circuit the series resonators and to short-circuit 
the shunt resonator. ‘To start with, the: series resonators are open- 
circuited by opening switches S, and S. while the shunt resonator is 


short-circuited by chosing Sy). Then the admittance Y;.) will be zero. 


; | 
Next, a signal at the desired midband frequency wy is ed 


switch Sy is closed, and Resonator J ois tuned. Since Resonator 2% is 


“ 


still short-circuited, Resonator } will be tuned when 14 = w After 


. 


Resonator |] has been tuned it will present zero reactance and Resonator 2 


can he tuned by opening S, and tuning Resonator 2 until foe On (whach 
occurs since S, rs still open). Next, Resonator 3 is tuned (with oF 
still closed to short-circuit the load) until eon = Ww, then Ss, iis 


opened and the tuning process is complete. 
: : | 
Note that in the above process the series resonators were tuned to 
yield a short-crrcutt at the input while the shunt resonators were tuned 


to yteld an open-circuit at the input. ee 


Now let us consider the entirely equivalent: triter an Pig. W052 
which uses only shunt’ resonators separated by J-inverters. If the 
J-inverters are frequency invariant, this filter can have exactly) the 
same Yer and transmission characteristic as the filter in Fig. }1. 05-1. 
However, since the resonators are in this case al) in shunt, the tuning 
process is started with all of the resonators and the load on the right 
short-crreuited., The tuning process then goes much the same as before 


and can be stated in general as follows: 


FIG. 11.05-2) DIRECT-COUPLED BAND-PASS FILTER WITH SHUNT 
RESONATORS . 


The J-inverters represent the couplings 
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(1) All of the shunt-resonators are short-circuited and an open- 
circuit is observed at the input (i.e., Y¥;, = 0)- 


(2) The short-circuit is removed from Resonator 1, which is then 
tuned until a short-circuit is observed at the input at 


frequency ,. 


(3) The short-circuit is removed from Resenator 2, which is then 
adjusted until an open-circuit is observed at the input at 
frequency ). 


‘This process is repeated, tuning alternately for a short-circuit 
at the input when tuning one resonator, and for an open-circuit 
at the input when tuning the next. After the last resonator 

is tuned, the short-circuit is removed from the output. 


_- 
on 
‘— 


If the filter uses series resonators and K-inverters, the procedure is 
essentially the same, except that all of the resonators must be open- 
circuited to start with, and for this condition the input will appear as 


a short-circuit. 


As an exanple of how this precedure applies to microwave filters, let 
us consider capacitively coupled strip-line filters of the form discussed 
in Sec. 8.05.. Tuning screws are added as shown in Fig. 11.05-3. To 
start the tuning process, the screws are screwed in all the way to 
shert-out the resonators and the output line. The filter is connected 
to a slotted line and the position of a voltage minimum for frequency 
is observed. Then the screws on the first resonator are backed-out and 
adjusted until the voltage minimum on the slotted line moves exactly a 
quarter wavelength. Next the second resonator is tuned to bring the 
minimum back to its original position. As consecutive resonators are 
tuned, the voltage minimum continues to move back and ferth between the 


two points separated by A)/4. 


a-3927- 4168 


FIG. 11.05-3 A CAPACITIVELY COUPLED STRIP-LINE FILTER 
WITH TUNING SCREWS 
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In the case of the waveguide filters in Sec. 8.06, which have 
resonators with series-type resonances and K-inverters, the procedure 
is essentially the same except for that-the tuning screws are located 
in the middle of the A/Z resonators instead of at the ends, (This 
reflects an open-circuit to the K-inverters when the screws. are all the 
way in.) Also, the screw on the output should be placed a quarter- 


wavelength away from the output iris. 


In practical situations, the accuracy of the procedure described 
above depends very much on how close the idealized circuit in 
Fig. 11.05-2 (cr its dual) is. approximated. That is, in Fig. 11.05-2 
short-circuiting a resonator will also apply a short-circuit directly 
across the terminals of the adjacent J-inverters. lowever, in tne 
circuit in Fig. 11.05-3, the inverters are of the form in Fig. 8.03-2(d). 
These inverters include a negative length of Line which in the actual 
filter structure is absorbed into adjacent positive line length of 
the same impedance. For this reason, the actual terminals of the 
inverter are not physically accessible, and the tuning screws cannot 
short-out the resonators at the exectly correct spot for perfect tuning. 
For narrow-band filters, however, the coupling susceptances will be 
very small, the negative length of line in the inverter will be very 
short, and the exact locations of the short-cirecuits on the resonator 
bars will not be critical. In such cases, the above tuning procedure 
works well. Similar considerations arise in tuning other types of 


direct-coupled filters. 


In direct-coupled filters, the resonators that are most likely to 


give trouble when using this procedure ere the first and last resonator, 


since their couplings generally differ more radically from those of the 
other resonators. Thus, if the bandwidth of the filter Ls, say, around 

10 percent and this tuning procedure does not yield a suitably symnetrical 
response, it may be possible to correct this by experimental adjustment 
of the tuning of the end resonators alone, This is often quite easy 


to do if a sweeping signal generator is avatlable. 


Tuning of Resonators Singly or tn Pairs-—For precistron tuning 
filters having more than around {Q-percent bandwidth, the best aethod 
appears to be to test and adjust the resonators individuaiiy or in 
identical pairs as was discussed in Secs. 11.03 and J1,04. Hven with 


7 
; ae \ ’ ae 
such procedures, however, difficulties can occur if the resonator 
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® 
couplings are at afd ciple. ~rilters such as those in Secs. 8.11, and 
3.12 which use lumped-clement couplings representable by ihe inverters 
in Fig. §.03-1(a) and 8.03-2(b), will tune somewhat differently when 
connected to another resonator than they will when connected to resistor terminations, 
In the case of lumped-element shunt resonators with series-capacitance , 
couplings, the coupling capacitors may be regarded as being part of 
inverters of the form in Fig. 8:.03-2(b). In such cases the negative 
capacitance of the inverter can be absorbed into the shunt capacitances 
of the adjacent resonators; but when coupling a resonator to 4 resistor 
termination, the negative shunt capacitance next to the resistor cannot 
be absorbed. For this reason the taning effect due to capacitor coupling between 
two lumped-element shunt resonators is different from that between a 
pesunatot and Ae restscors sthescomaleeTs were previously discussed with 
regard to Eqs. (8.14-32) to (8.14-34)2 If che couplings are relatively 
tight, a correction can be applied by tuning the individual resonators (when tested 
individually shile connected to resistor cerninatsi on&)) Lope, SA) phi 
differeut frequency calculated by use of the principles discussed, in 
connection with Eqs. (8.14-32) and (8.14-34). If the couplings are rel- 
atively loose (case of narrow bandwidth) the correction required will 


be small and possibly negligible. 


In the cases of the filter types in Figs. 8.05-1, 8.06-1, 8.07-3, 
Sa0Gler ands BO b, the difficulty described in the immediately 
preceding paragraph does not occur. These filters all consist of 
uniform transmission lines with appropriately spaced discontinuities. 
The inverters in these cases are of the forms in Figs. 8.03-l(c), 
8.03-2¢d), or 8.03-3. The negative line lengths poinvolved in these 
inverters are of the same characteristic impedance as the resonator 
lines and the termination cranenassion lines .«_/ hts, these lines can 
be absorbed equally well into the resonators or into the matched 
Carmihating Fines, mand: 1 2 a resomater of characteristic impedance Z) 
is removed from the interior of a multiple-resonator filter and tested 

between matched terminating lines of the same characteristic impedance 
Zo) there will be no tuning error regardless of whether the couplings 
are loose or tight. For example, the tuning of the resonators of 
filters of the torm in hig. 8.05-4(u) can be checked by testing each 
resonator individually as shown in Fig. 11.03-2, using exactly the same 
coupling gaps at each end as will be used when each resonatot is 


installed in the multiple-resonator filter. The resonators in.the filter 
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in Fig. 8.05-4(a) were actually tested in symmetrical pairs as discussed 
in Sec. 11.04. Hither the single- or double-resonator procedure gives 
high accuracy. After the resonators were tested, the lengths of the 
bars were correeted to give precisely the desired tuning frequency. 
Using this procedure, no tuning screws are required, and in many cases 
the tolerances required are reasonable enough that it should be 
practical to mass-produce additional filters ef the same design without 


any tuning screws or adjustments. 


Narrow-band parallel-coupled filters of the form in Fig. 8,09-i can 
be tuned using the slotted-line procedure described with reference to 
Fig. 11.05-2. Figure 1},.05-4 shows suggested locations for the tuning 
screws for parallel-coupled filters, The screws on the output line 
section n,nt] should be backed-out flush with the ground planes after 
Resonator n has been tuned. It should usually not be necessary to tune 


relatively wide-band filters of this sort, since the accuracy of the 


synchronous tuning becomes less critical as the bandwidth becomes 


greater,and this type of filter tends to be relatively free of errors 


in tuning of any one resonator with respect to the others. If the pass 
band is not centered at the correct frequency, the lengths of ali the 
resonators should be altered by a fixed amount computed to give the 


desired shift in pass-band center frequency. 


TO 


cad T ; 
Rue cle | __- RESONATOR | 


\ TM SelM, TE TADS. 
Og ee : 
a Sonne pias 

\\ TH 

“\| ScREWS FOR So) _--~ RESONATOR 4 
SHORTING AND i ca I eae 

TUNING. i? i 
pata ety Se eA ee NO Eh 
: ; rs 


oF BEES mer: 
SCREWS FOR Zi 


SHORTING ONLY «<_—-—~~ 


A 38S? a9 


FIG. 11.05-4 ARRANGEMENT OF SCREWS FOR TUNING OF A NARRKOW- 
BAND PARALLEL-COUPLED FILTER 
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SEC. 11.06, CALCULATION OF THE MIDBAND DISSIPATION 
LOSS OF BAND-PASS FILTERS 

The information necessary for computing the midband loss of band-pass 
filters was previously presented in Sec. 4.13, but an example in this 
chapter may be desirable. Let us suppose that a 10-percent-bandwidth, 
six-resonator, band-pass filter with a 0.10-db-ripple Tchebyscheff 
response is desired, and. it is estimated that the resonator Q's will be 
about 1000 for the type of construction which is proposed, An estimate 
of the midband attenuation due to dissipation loss in the filter is 
desired. sfor-this case, Fig» 4.13-2 is convenient, and from it for 
n= 6 and 0.10-db Tchebyscheff ripple we obtain C. « 4:3. By hq, (A4eahomoe 
the corresponding Q of the clements in the analogous low-pass prototype 


filter at the low-pass cutoff frequency w) is 
Qi «wp pia, £0.10) (2000)), 3.4 100. 


where w is tke band-pass filter fractional bandwidth; here OF = Q, 
indicates the unloaded Q of the resonators of the band-pass filter. 


Then by Eq. (4. 13-3) the dissipation factor 1s 
fy! 
1 1 
d = — = — * 90.01 
Q 0 


where, for the data in Fig. 4.13-2, the prototypes have been normalized 
so that wr = }. Then by Eq. (4.13-8) the increase in attenuation at 


midband as a result of dissipation loss will be approximately 


(46705 = -8.686C d= $.686(4-.3) (0701) =" 0.37 db. 


As was discussed in Sec. 4.13, the attenuation due to dissipation at the 
pass-band edge frequencies can be expected to be around two te three 


Limes this amount, or from around 0,74 to 1.1 db. 


It should be noted that it is sometimes useful to make the above 
calculations in’the reverse sequence in order to estimate the unloaded 
Q's of the resonators of a band-pass filter from the measured increase 


in filter midband attenuation resulting from dissipation loss. 


. 
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From See. 4.13 we obtain 


8. 686C 


Oli a Og Smee hoes 
O55 (aL); | (11.06-3) 


Estimates of the unloaded Q values to use in computing band-pass 
filter attenuation can be obtained in a number of ways. One is to use data 
obtained by computing from the measured midband loss of existing filters 
as suggested in the preceding paragraph. Another 1s to make laboratory 
tests on a resonator of the type to be used--atiliztng the techniques 
described in Sec. 1].02 to determine the unloaded Q. Another is to 
compute the unloaded Q by use of the information given in Chapter. 15: Tor 
coaxial-line, strip-line, and waveguide structures. It should be 
remembered, however, that the values of Q which are theoretically 
possible are rarely achieved in practice. This is due to surface 
roughness of the metal, corrosion, and due to additional losses in the 
coupling elements which are difficult to accurately predict. Tn some 
strip-line filter structures, the Q's realized are typically about 
half of the theoretical value. In the case of waveguide filters, the 
agreement between theory and practice appears to he somewhat better, 
but in general some allowance should be made for the fact that the 


Q's in typical operating filters will be less than the theoretical optimum, 


Some further matters involving filter dissipation loss will be 


treated in the next section, 


SEC. 11.07, DESIGN OF NARRO®-BAND FILTERS FORK MiNiMUM 
MEDBAND LOSS AND SPECLFILED HIGH ATTENUATION 
AT SOME NEARBY FREQUENCY 


In various practical situations such as the destgn of preselectors 
for superheterodyne receivers, narrow-band filters are desired which 
have as little loss as possible at band center, with seme speci fied 
high altlenuation at some nearby frequency. For, eXample, if a super- 
heterodyne receiver using a 30-Mc IF frequency, a preselector filter 
with high attenuation 60 Mc away from the pass-band center may be 
desired in order to suppress the image response. For microwave 
receivers of this sort the signal bandwidth is usually very small com- 
pared to the carrier frequencies involved. ‘Thus, the design objectives 


for the preselector filter focus on obtaining minimum midband loss, 
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and specified high attenuation at 
some nearby frequency, Adequate 
pass-band width for the narrow 
signal spectrum to be received is 


virtually assured. 


Figure 11.07-1 defines must 


of the symbols to be used in the 


ba — db 


following discussion. For the 
purposes of this analysis it will 
be assumed that the filters under 
discussion are of sufficiently 


narrow bandwidth so that the 


simplified low-pass to band-pass 


FREQUENCY —— ¢ 


a- 5527-420 mapping 


FIG. 11.07-1 DEFINITION OF TERMS USED 
IN SEC. 11.07 é Se 


€ fr 


where 


SS aT (11.07-1) 


and 


will be valid regardless of the physical form of the resonators and 
couplings to be used. In Eq. (11.07-1), w is the fractional pass-band 
width at the pass-band edges corresponding to we of the prototype. 

Of more importance for this application is the fractional bandwidth 

w, for which the attenuation is specified to have reached a specified 
high level CL), as indicated in Fig. 11.07-1. The attenuation 


(Lb), at midband is, of course, to be minimized. 


Many low-pass pretotype designs will lead to band-pass filter 


designs which will have (1,), = 0 if the resonators of the 
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band-pass filter are lossless. lowever, when the inevitable resonator 
losses are included (hyd, will necessarily be non-zero. Under these 
conditions filters which ali have the same w, for a specified (L,),. 
and which would all have (L,)9 = O-for the case of no losses, may have 


considerably different (Ly)o values when losses are included. 


Schiffmon* has developed design data for filters having two or 
three resonators which will yield minimum midband loss for specified 


* Cohn® has studied the general case 


w , and (L), as mentioned whbove. 
for an arbitrary number of resonators and has found that designs with 
very nearly minimum (L4)% will be obtained if the filter is designed 


from a low-pass prototype having the parameters 


o 
o 
" 
« 
= 
th 
oe 
iy 
ti) 
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Batt p 1 


and PCE O.L= 2) 


The significance of these pirameters 3s the same as in Sec. 4.04. 


By use of Eqs. (Ele ORe2) (4.13-3), and (4.13-11), the midband loss 
for filters designed from the prototype element values in Eq. (11.07-2) 


is approximately 


tie) rR eae tt Or0r23) 
UL } “= ee c eS tr 
aM ul) 

where Q) is the unloaded Q of the resonators. Here (Lh gas practic aily 


the same as CAE M5 inky. (4.13-1!), since this typeof filteris perfectly 
matehed at midband when no losses are present, aud very neacly metched at bu- 
band when losses are included. The fractional bandwidth winky. (1).07-3) 45 
the pass-band fractionas bandwidth corresponding tow) for the prototype, and 
is the one to be used in the design squations of Chapters Pio Ll.itlowever, the 
fractione! bandwidth vw, is the one which is most use ful for specifying the per- 
formance requirements for this applicat jon’ My weetdieiass Metulded), (Fl u7-1) 
and (11,07-2), wand w, are found to be related by the approximate formula 


ee 


Jaub and Royner. end Fubiai und Gaakleawsane have studied true maximally flat and Tehebys heli 
filters whach have dissarpation. Tt esli be seen that, a true marximeily flat of Toheby sche £ 
response in a falter having dissipation requires inc cased widband attenuation over that of 
the equal-clement filters dpscusecd in this pene eet tee ae) for the same (L,),. ’, aud rese- 
nator y's}. 
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where (L,), is in decibels. Thus, by Eqs. (11.07-3) and (11.07-4) 


(L,), *. 6.02 
4.343n antilog,, 20n 


UL LeisiGisucqoartin bie Otel 


Figure 11.07-2 shows plots of data obtained from Fq. (11.07-5) for 
various values of ThA Wes Note that w QO (L,)o is plotted us, the number, 
n, of resonators. Thus, for given w, and Q, the height of the curves 
is proportional to the midband loss that will occur. Observe that the 
optimum number of resonators needed to achieve minimum (L,), depends 
on the value of (L,), which has been specified. For (L,), = 30 db the 
optimum number of resonators is four, while for (L,), = 70 db, the 


optimum number of resonators is eight. 


Equation (11.07-5) upon which Fig. 11.07-2 is based, involves a 
number of approximations such that the answers given will improve in. 
accuracy as (L,), increases in size and as the product Q.y, increases 
in size. As a check on the accuracy of this equation, a typical trial 
design with moderate values of (L,), and Q.w, will be considered. Let 
us suppose that wv, = 0.03 is required for (L,), = 40 db, and that ; 
Q, = 1000. Figure 11.07-2 shows that ann = 4 resonator design will be 
quite close to optimum. From the chart, for n = 4, w QL y), = 65. 
Thus, the estimated midband loss is 
65 65 
sotsi eG Ol weienstigoojien © then aa 


To check this result a lumped-element, n = 4, trial design of the form 


in’ Fig. 8/02-2(a) wasiwocked out using g, ° 8, * 6 * &; * 8&4 =5eeeeuee 
wi = i, and w = 0.007978 [which was obtained from Eq. (11. 07-4) ee 


computed response of this design is shown in Fig. 11.07-3 for the cases 


of Q, = © ({i.,e., not losses), and Q, = 1000. 


e 
Examples due to Mr. L. A. Robinson indicate that these curves are reasonably accurate froma n = 1} to 


where they flatten out, but, because of the approximations involved, they do not rise as fest oa 
they should towards the right. : 
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FIG. 11.07-2. DAIA FOR DETERMINING THE PERFORMANCE OF 
BAND-PASS FILTERS DESIGNED FROM EQUAL- 
ELEMENT PROTOTYPES 


Figure 11.07-3 shows the data in Fig. 11.07-2 to,be satisfactory 
for this case, Note that the midband loss when Q, = 1000 is. for practical 
purposes exactly as predicted. The only noticeable error is that the 
attenuation at the w, = 0.03 fractional bandwidth points (i.e-, the 
points were @/W) = 0.85 and 1.15) +s 1 db low on one side and 1.5 db 
low on the other as’ compared to the specified (L,), = 40-db value. 

Thus, Fig. Li.07-2 should be suffreiently accurate for most practical 


applications of the sort under consideration, 
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FIG, 11.07-3 RESPONSES WITH AND WITHOUT DISSIPATION 
LOSS OF A 4-RESONATOR FILTER DESIGNED 
FROM AN EQUAL-ELEMENT PROTOTYPE 
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The dashed line in Fig. 11,07-3 shows the attenuation of the filter 
when the resonators are lossless. The pass-band is seen to have ripples 
nearly | db in amplitude, Observe that when losses are included, the 
vttenuation due to dissipation increases the loss at the band edges 
so much as to nearly obscure the ripples completely. This is typical 


of the effects of sizeable dissipation loss, regardless of the choice 


of low-pass prototype filter. 


SEG, 11.08, DESTON OF BAND-PASS INPEDANGE-MATCHING NETWORKS 
USING THE METHODS OF CHAPTER: 8 


Very effietent impedance -imatching networks can be designed for many - 
applications by use of the filter-design techniques discussed: in 
Chapter 8, along with the impedance-matching network bow-pass prototypes 
discussed in Sees. 4,09 and 4.10, These procedures assume that the 
load to be matched can be approximated over the frequency band of 
interest by a simple R-L-C resonant Oe eutt t Ehi Saiay seem like a 
serious restriction, but actually a very large number of microwave: 
impedancesmatching problems involve loads which approximate this 
situation satisfactorily over the frequency range for which a good 


impedance match is required, 


The bandwidths for which the procedures described in this section 
will yield good impedance-matching network designs will depend parily 
on how closely the load to be matched resembles a simple R-L-C circuit 
within the frequency range of interest. However, since the procedures 
about to be described are based on the methods of Chapter 8, which 


involve approximations of a narrow-band sort, accurate results for 


bandwidths much over 20 percent can rarely be expected, Designs of 

5 or 10 percent bandwidth which give nearly the theoretically optimum 
match for the given load and number of resonators should be relatively 
easy. The procedures described in Sec. 11.09, following, are 
recommended for the more Weicewind cases since eG 11,09 is based on 


the methods of Chapter 10’ which apply for very wide bandwidths as well 


as for narrow bandwidths. 


Determination of the Load Parameters UN Ue LOUe Puss EO CO Us re 


Before a satisfactory network to pive a good impedance match over a 


prescribed frequency range “can be designed, it 1s necessary to establish 


parameters that define the load. The following procedure is recommended: 
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(1) Make impedance measurements of the load across the desired 
frequency range for which a good impedance macch is desired, 
Plot the resulting impedance data on a Smith chart, or in 
some other convenient form. Also plot the corresponding 
udmittance vs. frequency characteristic. If the real part 
of the impedance is more nearly constant than the real part 
of the admittance, the load is best suited for approximate 
representation as a series R-L-C circuit. If the real part 

of the admittance is the most nearly constant over the 
frequency range of interest, the load is best suited to 
approximate representation as a parallel R-LL-C circuit. 


(2) If the real part of the impedance is the most constant, add a 
reactance element itp sertes so as to bring the load to series 
resonance at f,, the midband frequency of the frequency range 
over which a good impedance match is desired. If the real 
part of the admittance is the most nearly constant, add a 
reactance element in shunt with the load so as to bring the 
load te parallel resonance at fy. 


(3) Using the procedures in Sec. 11.02, determine Q,, the Q of 


the resonated load. If the load is series-resonant, also 
determine R,, the resistance of the load at resonance. If 
the load is paralle!-resonant, determine G,, the conductance 
of the load at resonance. - 


? 


After the load circuit has been brought to resonance at digg and a 
measured value has been found for its Q, Q,, and for its midband 
‘resistance H,, or conductance G,, the load is defined for the purposes 


of this design procedure. 


With regard to the steps outlined above, several additional points 
should be noted. In many cases the nature of the load circuit will 
be well enough understood so that the impedance and admittance plots 
in Step 1] above will not be necessary. When adding a reactance element 
to bring the load to series or parallel resonance at f,, the additional 
element should be as nearly lumped as possible, and it should be as 
close to the load as possible, if best performance is desired. Using 
a resonating element of a size that approaches a qusarter-wavelength or 
more will increase the Q of the resonant load and decrease the quality 
of the impedance match that will be possible over the specified band. 
Using a lumped resonating discontinuity at an appreciable electrical 
distance from the lead has a similar deleterious effect. However, in 
some practical situations where the resulting degradation in performance 
can be tolerated, sizeable matching elements or the locating of a 


resonating discontinuity at some distance from the load may be desirable 


as a matter of practical convenience, 
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. 


In order to select an appropriate low-pass prototype for the band- 


pass matching network, the decrement 


; 1 


LS Te ES See 
ay ( 8-1) 


must be computed where 


Ce gwar Chicos <2) 


de | - (11.08-3) 


and where Is and shes are, respectively, the lower and upper edges of the 
frequency band over which a good match is desired. Knowing 5, the 
performance which as possible can be predicted as deseribed in 

Secs. 4.09 and 4.30, and a suitable low-pass prototype can be determined 


as described in those sections. 


it should be recalled that, for any lodd which has reactive elements 
peivelivasiresistive elements in it, it "snot possible; to obtain a 
perfect match across a finite frequency band no matter how complicated 
an impedance-matching ner world seusedséescenSeer (103) am This, for any 
given load there are absolute restrictions on how good a match can be 
obtained across a given band) ofs interest... Generally ;cadding one resonator 
(in addition to the resonator formed by the load) which calls for an 
OER eT acviverecl ements lowe pass prototype enrewtt will give a very large 
Improvement in performance. “Going to a design worked out using an 
optimum n = 3 or n = 4 prototype will give still further improvenents, 
but with rapidly diminishing returns for-each increase in n. It would 
rarely be worthwhile to go to designs with n greater than 3 or 4, ier ley 


Lo use more than two or three resonators in addition to the resonator 


‘formed by the resonated load. 


IY 


When designing waveguide impedance-matching networks, it will 
frequently be convenient to use reciprocal guide wavelength as a trequency 
Variable, as was done in the design data discussed in Sec. 8.06. On that 


basis, the decrement becones 
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By a O_O 11.08-4 
: Q 
*) . : oN AN eae 
ga ~ No 
where 
Some sae 
AS odin Xr {11.08- 
40 
r ACA ae) | -(11.08-6) 
oy: aE Re 1 
where a and A |, are the guide wavelengths at the edges of the frequene 


band over which a good match is desired, A ae is the guide wavelength et 
midband, Xr, OER yo are the guide wavelengths at the frequencies of 
the hal f- Ee af pornts of the resonated load, AG is the plane= -wave Wave- 
length at the midband frequency in the same alee of propagation as 
exists within the guide, and Q, is the Q of the resonated load as 
determined by the methods in Sec. 11.02, or by other equivalent methods, 
Waving a value for the decrement 5), the low-pass prototype to he used 
is determined by use of the data in Secs. 4.09 and 4.10, using 6) in 
place of 8, 


Adaptation of the Data in Chapter 8 for Impedance-Matching Network 
Design-- The methods for band-pass filter design discussed in Chapter 8 
are readily adapted for the design of impedance-matching networks, Afte 
the load hug been resonated as described above, the load provides the 
first resonator of the filter. From that point on, the remainder of the 
filter (which comprises the actual impedance-matching network) can be 
of any of the forms discussed in Chapter 8. Figure 11, 08-1 presents 
generalized information for the design of impedance- matching networks 
for series-resonated loads with the matching network consisting of 
series resonators coupled by K-inverters. This generalized information 
supplements that in Fig. 8.02-3, and it can he applied to the design 
of: impedance- matching networks using a wide variety of resonator 
structures as discussed in Chapter 8, Figure 11.08-2 shows analogous 
data for the case of a parallel-resonant load with the matching network 
consisting of shunt resonators and J-inverters. These data supplement 


the data in Fig. 8.02-4. 
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| APPROXIMATION | 


OF LOA ——— -- } 
| bone laednes KS ana S MATCHING NETWORK — SS 2S nt 
Kyo ae pa Rae “K Pps Xu She: K . Ra Xqw 
? A eyed OU any 
bd 9,928 anes 2100 “I 9 8x0) ok. 9p Bp 91% 


WHERE Ry, AND THE RESONATOR SLOPE PARAMETERS x2, Rge.5 ++ yt, MAY BE 
CHOSEN ARBITRARILY. 
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FIG. 11.08-1 COUPLED-RESONATOR MATCHING NETWORK FOR SERIES-RESONANT LOADS 
This data supplements that in Fig. 8.02-3 
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APPROXIMATION | . | 
| OF LOAD 2 
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WHERE Gz AND THE RESONATOR SLOPE PARAMETERS 45.2 5.° “47,8, (AAY BE 


CHOSEN ARBITRARILY 


FIG. 11.08-2 COUPLED-RESONATOR MATCHING NETWORK FOR 
SHUNT -RESONANT LOADS 
This data supplements thot in Fig. 8.02-4 
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To further make clear how the generalized information in Figs. 11.08 mm 
and 11,08-2 is used for the practical design of impedance-matching net- 
works, the data given will be restated as they apply to several of the 
specific filter structures discussed in Chapter 8. Figure 11:08-3 shows 
how the data apply to the design of strip-line impedance-matching filters 
with Naf 2 resonators of the form in Sec. 8.05. Note that ia this case 
the load must exhibit shunt resonance,.and Resonator 2 is capacitively 
coupled to the load. When the load has been resonated and an appropriate 
low-pass prototype has been established as discussed above, and using 
the equations for the URSA AIF as given in Fig..11.08-3, the pemauadee 
of the design of the circuit is as discussed in Sec. 8.05. ‘The Capacitive 

coupling B,, between Resonator 2 and the load will have a smail detuning 
effect on the resonated load. As a resul’., it will tend to shift the 


resonant frequency of the load by about 


~foBy > 


A = — 
Scat 


(1i. 08-7) 


To compensate for this, the load should be retuned after the matching 
network is installed, or it should be pretuned to Lig: u lAg| before the 


matching network is installed. 


ants 
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FIG. 11.08-3 SUPPLEMENTARY DATA FOR USE WITH THE MATERIAL IN SEC. 8.05 
FOR DESIGN CF IMPEDANCE-MATCHING NETWORKS 
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FIG. 11.084 SUPPLEMENTARY DESIGN DATA FOR USE WITH THE MATERIAL 


IN SEC. 8.08. FOR THE DESIGN OF IMPEDANCE-MATCHING 
NETWORKS 
Figure 11.08-4 shows analogous data for design of impedance-matching 

REEWORKE whose resonators are in the quartes-wavelength pestrip-line form 
discussed in Sec. 8.08. In this case the! load may. be either series- or 
shunt-resonated.. If the loadjis series resonated,’ then 2t should be 
followed by a K-inverter consisting of a small shunt stub such as those 
discussed in Sec. 8.08. The shunt reactance afer st this stub will have 
a small detuning effect on the load and will tend to shift 1ts resonant 


frequency by about 


aah xX 
Af = Best slr (11. 08-8) 
2 ,Q, 


This effect should be compensated for by retuning the load, or by precompen- 
sating the tuning of the load. If the load is parallel-resonated, then 
the load should be followed by a capacitive-gap J-inverter as is alse 


shown in Fig. 11.08-4, and the detuning effect of the coupling susceptance 
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Bi, is as given in Eq. (11.08-7). Migure 11.08-4 gives equations for the 
J- and K-inverters for design of the matching network, and the remainder 


of the design process 1s as described in Sec. 8.08. 


Figure 11.08-5 Presents data for the case Where the matching network 
is to be a waveguide filter as discussed in Sec, 8.06. In this case the 
reference plane for the load must be referred to a point in the waveguide 
where the load wil] appear to be series-resonant. The load is coupled 
to the next resonator by a K-inverter consisting Primarily of a shunt-— 
inductive iris with shunt reactance a WE This coupling reactance will 


tend to detune the load by an amount 


Afs ———-__ 11.08-9 
: 2(R,/Z,)0, 


which can be compensated for either by retuning the ioad, or by moving 
one iris x5 slightly toward the load. Note that in Eq. (11.08-9) and 
in the equations in Fig. 11.08-5, the impedances are all normalized to 
the waveguide impedance, so that no difficulty arises from the ambiguity 


Inherent in trying to define absolute values of waveguide impedance. 


Se ss ww) (+): Ohare ry i Kanes 3 Ligh 
Zo oH 29,0,3, 20 Zo oe F Ju; fi, % : Ze a 
A-9927-a2y 
FIG. 11.08-5 SUPPLEMENTARY DATA FOR USE WITH THE MATERIAL IN 


SEC. 8.06 FOR THE DESIGN OF WAVEGUIDE 
IMPEDANCE-MATCHING NETWORKS 
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remainder of the design process is as described in Sec. 8.06. OF course, 
in this case, the decrement oy for use in determining the low-pass 
prototype and for use in the equation for K 4/496 is defined as in 


Eq. (11.08-4). 


The equations in Figs. 11.08-3 16 11,08-5 were obtained by simply 
inserting the appropriate slope parameter values in the generalized 
equations in Figs. 11.08-1 and 11,08-2. In a similar fashion design 
equations can be obtained for a wide variety of impedance-matching 
‘Structures. The best structure to use in a given sitevation may vary 
widely, depending on such considerations as the impedance level of the 
load as compared to that of the source, the allowable size, the fractional 
bandwidth required, etc. As mentioned above, the cesonated load should 
be kept in as compact a form as possible if best results are desired. 
Also, for best results the inverter coupling to the load should be of 
nearly lumped-element form. A quarter-wavelength of line could be used 
in relatively narrow-band cases as an inverter for coupling to the load, 
but the performance achicved would not be as good as when a lumped- or 
nearly lumped-element coupling is used. This is because the quarter- 
wavelength line itself has selectivity effects which would add to’ those 
of the resonated load and thus make impedance matching over a speci fied 
band more difficult. However, in some relatively non-critical situations 
where the resulting depreciation in performance can be tolerated, a 
quarter-wavelength coupling to the load may be a desirable practical 


compromise. 


Experimental Adjustment of Coupled-Resonator Impedance-Matching 
Networks-~In cases where one resonator can be added to the circuit at-a 
time, and where the couplings between resonators and their tunings are 


readily adjustable, while the resenator siope parameters eA ge feels 


ort. ORE SER, are known, 1t may be convenient to determine the 
impedance-matching network design by a combination of theoretical and 
experimental procedures, Let us suppose that a load has been resonated 


in series as described above, and that its OF Eze hi its decrement 


A? 
5, and a desired n = 2 low-pass prototype have been determined. Assuming 
that the slope parameter 2, for Resonator 2 is known, the inverter 
parameters K,. and K,, are then computed by use of Fig. 11.08-1, and 

| it is desired’ to adjust the resonator couplings to achieve the couplings 


indicated by these inverter parameters. 
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Figure 11.08-6 illustrates a procedure for experimental adjustment 
of such a filter, At (a) is shown the resonated load connected di rectly 
to the desired driving generator. The VSWR between the generator and 
load is then A at resonance as given in the figure. Next, the coupling 


reactance associated with the inverter Kits is added, and it is adjusted 


Vi? VSWR AT MIOBAND, to 


Ee 


RESONATED LOAD 


R aR 
oF *Ra, YOR + e oa 
f] oO A 
ce) to 
(a) 
x, 
‘ : Ra 
Ra 
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RESONATED LOAD 3 
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Z2 Ld 4 
fo Ra 
R RAR 
Vv, on —-»—8 . A 8 
2 z,| Kia 
'o 
(b) 
x, X> 
—————— ————— -—_—_~—~ Re 


SS 


RESONATED LOAD Kaye 


® 3507-408 


FIG. 11.08-6 PROCEDURE FOR EXPERIMENTAL 
ADJUSTMENT OF AN IMPEDANCE 
MATCHING NETWORK 


until the VS¥R at resonance is V as indicated at (b) in the figure. 


>? 
Assuming that a slotted line js being used for th: tests, the positions 
of the voltage minima must be checked to be sure that this Ae corresponds 
to the desired Zi (wo) and not its reciprocal (with respect to the slotted 
jine impedance). Adding the coupling reactance associated with K,, 
will probably throw the load slightly off of the desired resonant fre- 
quency, so after the desired impedance is cbhtained at resonance, the 

load should be retuned. As long as Ye 1s always measured at the frequency 
of resonance (no matter whether it is exactly the destred ie or not), 

the small correction required later in the load tuning should have 


negligible effect on the required coupling reactance. 


Next, Hesonator 2 along with the coupling reactance associated with 
the inverter NG is added to the circuit as shown in Fig. 11.08-6(c). 
In this ¢ase, it is necessary both to bring Resonator 2 to the proper 
resonant frequency and to adjust the coupling reactance associated with 
K,, tn order to achieve the desired impedance-matching effect. The 
tuning of Resonator | (i.e., the resonated load) can be assumed to be 
very nearly correct so that any mistuning evident in the VSWK 
characteristic of the cireuit must be due mainly to mistuning of 


Resonator 2. If Resonator 2 is correctly tuned to f the VS¥h 


ae 
characteristic will have either a maximum or a minimum value at ie and 
the characteristic will be symmetrical about fy (except possibly for 
scne distortion of the frequency scale as a result of the face chat 

the coupling between resonators varies with frequency). Thus, the 
tuning of Resonator 2, and the coupling associated with the isaverter 
K,, should be adjusted until a VSWR characteristic symmetrical «bout 

i. ts obtained with a VSWR at fy eanal to the value hs corresponding 

to the impedance ZY », computed from the data at (c) in Fig. 11.08-6. 
Once apain, the Maca niane of the voltage minima on the slotted line 


: ‘ 4 ‘ i 
should be checked to be sure that this V. corresponds to CaN Gy and 
Yo 
not its reciprocal wath respect to the slotted iine impedance. 
This would complete the adjustment of an n = 2 matching network. 


The same procedure can be applicd to the adjustment of impedance-matching 
networks of any complexity by repetition of part of the same steps. Of 
course, if the resuuators are in shunt, the same procedure applies, but 


the analysis 1s on the dual basis. 
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lipractecal Example and Some Additional Experimental Techniques —-A 
practical example will now be considered. The circuit tovbe discussed 
was adjusted by experimental procedures as described. above, but some 
additional techniques were involved that will also be explained. The 
main difference was that only the Q of the load was known, and its 
midband impedance was not known since all of the measurements on the 
load were made through a coupling reactance of unknown value. As will 
be seen, it was, nevertheless, still possible to carry out the required 


adjustments. ‘ 


Figure 11.08-7 shows the circuit under consideration. It is a 
5 : i 5,6 4 ; tabl 2 
tunable up-converter in Strip-iine form. A pumped, varirab e-capacitance 
diode provides both gain and frequency conversion. this device has a 
narrow-band, lower-sidekand output ¢1rreuit centered at 4037 Mc; hence, 
the response of the over-all circuit is narrow. band. Nowever, by * varying 


the pump frequency from 4801 Me to 5165 Me the input frequency which 


euue ineut ADJUSTABLE SERIES— CAPACITIVE 
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FIG. 11.08-7 SIMPLIFIED DRAWING OF A STRIP-TRANSMISSION-LINE 
TUNABLE UP-CONVERTER 
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would be accepted and amplified varies from 764 to 1128 Me. In order to 
achieve the desired performance, impedance-matching filters are required 


at both the signal input and pump input ports. Herein, we will review 


the steps that were taken to broadband the pump input’ channel. 


When the pump circuit of this device was adjusted, the portions of 
the circuit that were electrically of most importance were the diode plus 
its 0.020-inch diameter, 207-ohm wire lead (which together consti- 
tuted the resonant load in this casc), and the second puap resonator 
(see Fig. 11.08-7). The other portions of the circuit were greatly 
decoupled at the frequency range of interest. The second pump resonator 
was of the quarter-wavelength type in Fig. 11.08-4 having shunt-inductive 
coupling to the sertes-resonant diode circuit (which served as the first 
pump resonator), and having series-capacitance coupling to the pump 
input line. ‘The second pump resonator shown in Fig, 11.08-7 had 
different cross-sectional proportions than the pump input line, but 


both were of 50 ohms impedance. 


Figure 11.08-8 shows an approximate equivalent circuit for the pump 
channel of this device at frequencies around 5000 Mc... Though the load 
circuit (t.e., the diode circuit) 1s actually quite complex, it behaves 
like a simple series-resonant load in the frequency range of interest. 
The impedance inverter A,, and the admittance inverter JS. relate to 
coupling discontinuities as inditated in Fig. 11.08-7. Note that in 
this circuit the pump power is all ultimately delivered to the dicde 
parasitic loss resistor R,. Since Ris quite small compared to the 
reactances involved, the impedance-matching problem is relatively 


Severe. 


For the circuit in Fig. 11.08-7, the shunt stub associated with 
K,. “as set toa length estimated to be about right when the device 
Pua pateescenbledts TOMadjase the circuit, the capacrtave pap 
associated with bee was closed so that there was, in effect, a S0-ohni 
line right up co the usr discontinuity, (This was equivalent to 
removing the Je box in Fig. 11.08-8 to leave a S0-ohw line right up 
to AnD Then with a slotted line connected to the pump input port 


of the device, VSWR tests were made to determine the Q, Le of the 


inverters K., and J,. are approximately of the forms in Figs. 8,03-1(c) and 8.03-2¢d), 
respectivol : Note“ that though the second pump resonator 1% of the quurtes-wavelength 
type, its physical length will be considerably less than a quacter wavelength due to 
the negative lengths of line asuociated with the inverters. Sce, for exanvie Eq. (4) 
-of Fig. 8,.08-1. ‘ 
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FIG. 11.08-8 APPROXIMATE EQUIVALENT CIRCUIT FOR THE PUMP INPUT 
CHANNEL OF THE CIRCUIT IN FIG. 11.08-7 FOR FREQUENCIES 
IN THE VICINITY OF 5000 Mc 


diode-circuit at ats pump- frequency resonance, Using the methods 
described in Sec. 11.02 the Q, of the pump circuit was found to be 77, 
(Note that Q, for the diode circuit corresponds to the ualoaded Q as 
measured by techniques of Sec. 11.02, and that this Q is independent 


of the adjustment of the nw, shunt stub. ) 


The desired fractional bandwidth was specified to be w = 0.082, 


so that the decrement of the load was 


i ] 
oe Ey eae eS 9.16 
wQ, 0.082(77) 
According to bigsc4. 09-3 and 4, 00-4.) noun y=) resonator design with 


d = 0.16 calls for a maximum transducer loss Of B03 dbewith 0.84-db 
ripple in the Operating band, Since. this was satisfactory for the 
application under consideration, a larger value of a was not considered. 
The corresponding optimum low-pass prototype element parameters, were 
then from Fig. 4.09-6 found to be bo Gelso, = 6230, agg i= 02157, 

&, = 6.30, and wr a We ove 
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Thus, with the foe. gap closed so as to give a 50-ohm line up to the K,, 


By Fig. 11.08-4, 


Ay nR yw 
K = -—4/——— (11..08-10) 
z 12 ‘ ° 4 0 
#1 7425848, 5 
and 
: , : Nw 
RO — (11.08-11) 
at ae 4658 4) 


where ae 172). Al of the parameters needed to evaluate Ji, were 
known, but Kis could not be evaluated because R, was not known.  ( 
previously mentioned, when Q, was measured the K,, stub was set at some 
length estimated to be about right, but the length of the stub was not 
necessarily correct. It was not necessary to know Ba in order to 
determine Q, by the methods of Sec. 11.02. However, Pheuhay, parameter 
of the coupling stub would have to be known accurately in order to 
determine i? This difficulty was bypassed by eliminating both Ke 
and R, from the calculations in the following manner. 


Tn iy 11.08-8, the impedance 2, is at midband 


1? 
Z cfs (11.08-12) 
. = —— (11.08-1 
AWE Ry 
Then from Eqs. (11.08-10) and (11.08-12) 
Zw 
Z, 9 see (ii.08-13) 


50710. 082) 
Ba ee SE sie ea eee OT OAS ohne « 


(1)?74(6. 30)(0. 157) (0. 16) 


12 


stub, the iength of the K stub was adjusted so that the VSR seen 


i2 
looking in the pump input port at resonance was 
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V = = (11,08-14) © 


while the vicinity of the K,, stub was a voltage minimum of the standing- 


wave pattern vs. length. 


Next the Jo 84p in Fig. 11.08-7 was opened and adjusted so as to 
give a VSWR of Vis 6.30 at midband. For each trial adjustment of the 
gap spacing, tuning screws near the capacitive-gap end of the second 

* pump resonator were adjusted to give a VSWR response ws. frequency 
which was approximately symmetrical! about f,- The ©, + 6.30 value 


can be computed as follows. 


Tn Fig. 11.08-8 at midband 


Z2 
0 
Z. = (11,98-15) 
fy Z, ; 
fo. 
Since Ure 2S an admittance inverter (Sec. 8.03) 
A 
: ] Fo 
oy E = RO a = Se . (pis 08-16) 
9 Z. / I53 2534 ) 
6 
Then by Eqseeth),08-h1}, (11.08-13), and (11.08-16), 
aly = 24856, (11. 08-17) 
0 
=#450( F) (6430), =O Sisusheem 


Thus, the VSWR seen on the 50-ohm pump input line at midband should be 
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ZW ten NUE Sh (11,08-18) 


where the vicinity of the iran gap should be a voltage maximum of the 


standing-wave pattern US- length. 


This completed the adjustment of the pump impedance -matching OM TAC IN Cay 
| 


Ne: ait ie satel 
and the resulting transducer attenuation characteristic as computed 


from measured VSWR is shown Th Pike Ues0ne oer ahve measured fractional 
bandwidth is 0.0875 as compared to the 0.082 design objective, the 
3.2-db peak pass-band loss compares favorably wath the 3. 3 db predicted 
value, while the pass-band ripple is around 0.4 db as compared with the 
0.84-db predicted value. The measured performance is somewhat superior 
to the predicted per formance because when the data imebigehl. 0829 -was 


taken the lower-sideband output resonator had been Aiiieduiuo ehe «rrclt. 
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which caused the effective Q, of the diode circuit-:to drop a little from 
ther Opie! value which was originally obtained without the output 
¥ 


resonator. 


IL is interesting to consider just how much has been accomplished 
by the addition of the second pump resonator as @ matching network, 
Let us again assume that eh ET? and that Uke desired fractional band- 
width is wv =.0. 082 %s0 net ace Ties oe as only the first pump resonator 
t. maseds (receue) ust ene rescnant. diode Grremre along with the Ky, adjust- 
able couphing stub) andif the ky, coupling stub were adjusted so as to 
give a perfect match to the 50-ehm pump input line at midband, then 
the reflection loss at the band edges would be about 10.9 db. If the 
K coupling stub were adjusted in accordance with an optimum A = 1 


12 
design, as ‘letrermined using the prototype data in Sec. 4/09f aCe loss 


at the band edges would be (lars 215 .6-dp while the loss at midband 
would be (L,) 05, = 3.3 db. Adding an additional resonator to give an 
n = 2 design reduces the pass-band fess Vues Ge GO biyd bar = 3.3 db and 


CE) ate eeSvidiss | An pl koe design would give (Le) ee 2.5 db and 


= SB Dhow, yyy > = W 1s] ' " 2 = 
Ch pes 9.3 db, while an oa w design would give Cie) eee (le 
29.0 db. Tt 1s seen that going from an A ® 1 to an n= 2-design gives 


a very large improvement, and that the ineremental improvement for 


increasing oa of n decreases very rapidly. 


era 


Other Forms of Coupled-Resonator Matching Networks—It would also 
be possible to construct a matching network in the form shown in 
Fig. 11.08-10, Witch las mo unvenver) wecwcen the load and the adjacent 
matching-network resonator. This, however, 15 usually not very practical 
except in the cases of relatively wide-band matehing networks, The slope 
parameter of Resonator 2 cannot be chosen arbitrarily jn thispecges and 
for narrow bandwidths h, will often beeome so larger as) bo be difficult 
to realize with practical cireur try... dhe dual case where the first 
resonator of the matching neuwork 1s) ith -S@r1es would be espeeuanag 


difficuit. 


The design procedures in Sec. 11.09 can give designs which are more 
or less equivalent to that ioahigal 08.10, buts different point of 
view is), used, “As indicated above, such designs become most practical 


for relatively large bandwidths, say, around 30 percent or more, 


Thia drop ia diode circuit Q was due to the shunt copacitance introduced by the output 
resonator causing the diode internal resistance Co be somewhat more tightly coupled. 
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. 14.08-16 AN ADDITIONAL GENERAL FORM CF COUPLED-RESONATOR - 
FILTER IMPEDANCE-MATCHING NETWORK 


The duol of this circuit applies when the lead is shunt resonant 


SEC. 11.09, DESIGN OF BAND-PASS IMPEDANCE -MATCHIENG 
NETWORKS BY THE METHODS OF CHAPTER 10 
Tathie section, discussion of the design of impedance-matching 
Networks will be continued so us to cover the design of matching net- 
works of relatively large bandwidths. The underlying fundamentals are 
much the same as those discussed tae Sees whheOsuinin rele procedures) are 


modified to use the design point of view of Chapter 10. 


In the methods of this section the loud hustiligest. brought ta seri es- 
or shunc-resonance at midband f, just is Was di ecaussedwanl Sec. 11.08. 
However, since relatively large bandwidths are involved in this case 
it may be desirable to use something other than the Q of the load as 
a basis for computing the load decrement 8. This is because the Q 
Remove calieul ypucall, be sicclatively low for causes where a *vide-bang 
match is required, and also because it may be desirable to cxarine the 
impedance or admittance characteristics of the load sore thoroughly 


than is implied by a Q incasurement alone 


Figure 11.09-1 shows a suggested procedure for computing the required 
load parameters 5 and Ry, or is ee | bhe impedance or admittance characteristics 
of the resonated koad are measured across the frequency band of interest, 
and then the required parameters are readily determined from (he nleasured 


data as indicated in the figtres. Note that the frequencies fp and fy 
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FIG. 11.09-1 DEFINITIONS OF LOAD 
PARAMETERS IN A FORM 
CONVENIENT FOR WIDE: 
BAND MATCHING 
Frequencies f, and fF, are the 
edges of the band for which an 
impedance match is desired 


an appropriate low-puss prototype filter 


required 5 value, as discussed in Sec. 4.09 and AL AMO 


indicated in the figures are 

the edges of the frequency 

band over which a good impedance 
match 1s required. In the 

figure the characteristics are 
idealized in that the real 

parts aré constant with fre- 
quency and the imaginary parts 
have odd synmetry about LP so 
that the magnitude of the ; 
imaginary part of the impedance or 
admittance is the same at I) ase 
at fy. Note that on this basis 

the decrement 6 is simply the 
ratio of the real part at i 

to the magnitude of the imagin- 
ary partlat eithen fo ee pee 

In practical cases where the 

load impedance or admittance 
characteristic may deviate 
appreciably from these ideal- 
ized symmetrical characteristics, 
average values should be taken 
using the definitions in terms 

of the idealized cases as a 
guide. An example of a non- 
idealized case will be 


discussed later jiniethus seekone 


Atter the parameters Ry 
or Gan and the decrement 6 have 


been determined for the load, 


should be selected to have the 


The specified 


a 
valuc of R, or Gr the prototype filter paraneters, the specified internal 


resistance of the generator which is to drive the load, the specified 


fractional bandwidth w, and the specified center frequency f then 


Jy? 


control the design of the matching network. 


Figure 11.09-2 shows a form of impedance-iaatching network which can 
be designed by the methods of Chapter 10. The load as shown 18s of a 


form which would have an idealized symmetrical impedance characteristic 


of the form in Fig. 11.09-1(a); however, as an example will soon show, 


matching networks of the sort in the figure canbe useful for consider- 
ably more complex loads with impedance characteristics which deviate 
considerably from the idealized symmetrical form. The matching. network 


in Fig. 11.09-2 could be constructed in strip-line form such as that in 


‘the fiicer in Figs. 10.03-5(a), (b), and (c). Also, if desired, the 


matching network could be converted into parallel-coupled strip-line 
form. This could be accomplished by splitting each shunt stub LR 

(except for ue and +4) into two parallel stubs Mes and Me such that 

Ke + K = Le Then the filter can be broken tato open-wire-line sections 
such as that on the right side of Fig. §.09-2(a), which are exactly 
equivalent to strip-line parallel-coupled sections such as that on the 
left side of Fig. 5.09-2(a). The parallel-coupled line section admittances 
are obtained by use of the relations in Fig. 5.09-2(a), and the line 
dimensions can t« obtained from the line admittances by use of the data 
in Sec. 5.05: Whether the stub or paralle}-coupled form is preferable 
would depend mainly on what dimensions were practical. The stub form 


would probably be convenient in most cases, though the parallel-coupled 


form has additional adjustability since it would not he difficult to 


fatmreGes ia 

hw --——— IMPEDANCE ~ MATCHING - ae 
| ? | NETWORK | 
| 
| 

| 

| 

| 
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FiG. 31.09-2 IMP EDANCE-MATCHING NETWORK FORMED 
FROM STUBS AND CONNECTING LINES 
The series stub Z,, the shunt stubs Y,, and the 
connecting lines Y, 4.4, ore oil a quorter- 
wavelength long at midband 
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provide for experimental adjusiment. of the spacing between the parallel- 
coupled elements. This would be equivalent to adjusting the line 
admittances Meath in Fig. 11.09-2. Experimental adjustment of these 
line admittances might be desirable in cases where the load impedance 

is quite complicated and deviates greatiy from the idealized symmetrical 


case in Fig. 11.09-1(a), so that some cut-and-try procedures are 
desirable. 


aye 11.09-1 presents design equations for impedance-matching net- 
works of the form in Fig. 11.09-2. These design equations were derived 
in Sesenuia lly the same way as were the design equations for the filters 
in Sees, 10.03 and 10.05. ‘(The Werivations of the design equations in 
Secs. 10.03 and 10.05 were discussed in Sec. 10.08.) ‘The main difference 
is that the more general modified low-pass prototype in Fig. 11.09-3 
was used for the equations in Table 11.09-1. Comparing this prototype 
with the one in Fig. 10.08-6, note that the prototype in Fig. 11.09-3 
does not use a series coil on the right, and provision has been made So 
that the termination Fae on the right can be specified arbitrarily. 
A multiplying factor s has been included which is introduced so as to 
alter the impedance level as gradually as possible from one side of 
the prototype to the ether, by making C,,, = SC, for k = 2 ton - 2, 
The relations between the prototype and the stub filter in Fig. 11,09-2 
are much the same as for the cases discussed in Sec. 10.08. The 
parameter d in Table 11.09-1 can be ‘chosen 0 < d so as to adjust the 
admittance level within the filter, Typical convenient values are 


aeseO0e Secu). 


Figure 11.09-4 shows an impedance-matching network for use with a 
shunt-resonated load. This circuit is the dual of that in Pigs Livegseee 
except that the filter has been converted to parallel-coupled- form by 
use of the relations in Fig. 5.09-2(b). Since series stubs are 
difficult to realize in a shielded construction, the parallel-coupled 
form of this filter will usually be the practical one to use. ‘Table 
Table 11.09-2 presents design equations for this type of matching 


e 
network. 


a 

These design equations were obtained from these in Table 11.09-1 by duality, which first 
Bave a matching network consisting of series stubs and connecting lines. Then this 
circuit was converted to parallel-coupled form using the relations in Fig. 5.09-2(b). 
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Table 11.09-1 


DESIGN EQUATIONS FOK IMPEDANCE -MATCHENG NETWORKS OF ‘THE FOUN TN 
FIG. 11.09-2)> FOR SE RIES- RESONATED LOADS 


Determine the low-pass prototype parameters from the load decr™- 
ment 8 and the data in Secs. 4.09 and 4.10. ‘The generator resistence 
Ry may he chosen urbitearily, but R, is @ parameter of the load (see 

>» 


text). The following equations apply for n = 3. 


Compute: 


‘ k 
k=3 to n-l, af av3 24K 9S 


Cony 383 0% is 
{(1f n=3 omat this equation. ) 


R, 
SF 23 5 BoknSatt Ry 


where d may be chosen arbitrurily within limit 0 < d (see text). 


Cea ee Ue eh C3 da, 
Cc, BOR g ee cal Tok. Om Og ace B 
Li Fae bo) k k h 
Letting 
obs ; 
r R, 
J, +t Pay Cee 
ae 8 
S k=2 to n-1] ° ace 


: A (4 i) fe tan ay 
N Cay — Bice aie 
Bn co hoianl y Gy Bo 


ow Oe ale: 
a x ( =) 


and w = (f ~ 1, So is ine desired fractional bandwidth. 


where 


(contanued on p. 700) 
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Table 11.09-1 concluded 


The characteristic adinttances of the shunt stubs are: 


G hs 
Pa Se Pe ake Way fy eed) 
Y, feptieeey ce Be Ae \Wes 7: 
; aly N Jy-yt i b+] 
Y, "AN k-1, k kk] G a 
k=Jton-l, if n'y 4 4 
2 ea ty sd t a + olny e.. es Paz) 
Y, oe 4 On ae SUES i anHdin G, 


The characteristic admittanees of the connecting lines are:: 


n-2 , 
Ga yf WHERE R,,, IS ARBITRARY , nz 3, 
GR 


\v O “nav 
“4-2 Fens 
C,*9, .C, _ *2¢g, 8 GSTS pared 
ke 3TOn-) rhe 
C) +42 (1-4), Cf sg, a CS aS GR ~C,. 
kr3TOR 
Cc, C, ei 
WHERE d MAY SE CHOSEN ARBITRARILY WITHIN LIMIT O<g@, J. SE = 3.9 
i & Phot 
w= 2 1On-t 
A 3527-450 
FIG. 11.09-3. MODIFIED LOW-PASS PROTOTYPE USED IN DERIVING 
THE EQUATIONS IN TABLE 11.69-} 
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FIG. 11.09-4 IMPEDANCE-MATCHING NETWORK IN PARALLEL-COUPLED 
. FORM FOR MATCHING SHUNT-RESONATED LOAD 
The stub Y, and the parallel-coupled sections Syke are alla 
quarter-wavelength long at midband 


Let us now consider some examples of impedance-matching network 
design. Figure 11.09-5 shows a lumped-element load network which has been 
brought to resonance at lie and the figure alse shows the resulting 
computed impedance characteristic. Let us assume that a good match is 
desired from Lydd = 0. 85,to ws s7s 5 = 11S, whiehteal ls’ for fractional 
bandwidth of w = 0.30. From Figs. 11.09-1(a) and 11.09-5, RK, = cae lae = 
33.33 ohms. However, [ImZ 1, = 110 ohms, while [ImZ, |, SO ons, so 
there 1s some confusion ANA ae calculation of 38. As ‘ guess, an 
in-between value of 100 chms was used for some trial calculations so that? 

6 FS Es 
100 


Table 11.09-3 summarizes the parameters and resulting line admittances 


5 = 


= 0.3 


for several n = 3 designs having different values of R, or different 
choices for the parameter d. Note that Designs | and both use Ry = 


») 
100 ohms, but Design 1 uses d = ] while Design 2 uses d = 0.5. 


~ 


A useful significant figure wea inadvertently dropped in these calculations. 
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Table 11,09-2 


DESIGN EQUATIONS FOR IMPEDANCE-MATCIEING NETWORKS OF THE FORM IN 
FIG. 11.09-4 FOK SHUNT- MESONATED LOADS 


Determine the low-pass prototype parameters from the load decrement 
§ und the duta in Sees. 4.09 und $4.10. ‘Ihe generator conductance G, may 
be chosen arbiteacily, buat G, is a parameter of the load (see text). the 


following equations cover cases where n = 3. 


Compute: 


oe G, 
s = ile 
'B 
: dj, kr? 
L = ¢ * L = e2dpis 
me 2 us k-3ton-l, if n*3 2 


(If n-3 omit this equation. ) 


G 
L 4 = Bob nlatt CG 


at 


where do inay be chosen arbitrarily within Jimit 0 “ d (see text). 


Lo = b, 4) Sa) ue = dg, 
L! 2 fl # U" te ape 
k Reneot Lae | k & 
Let ling 
eG ? 
eae 1 Pore 
; & 
AD thats orn =i Ces 
N # 
fee eae net 
where 
a n uw 
ivr? (1 $) 
and w = (f, = tS is the desired fractional bandwidth, 
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Table 11.69-2 concluded 


The even- and odd-mode impedances of the parallel-coupled lines are: 


[If n 2 3 


Aa 


(z3,) avi,n 


yb 
(fe) 


a-~l,n 


ts 
oo n~l,an 


o,¢ 
Rw, L 


2 23 
tan 8, +R, (NL, ¢ ——— 
bo J os ( ah, ) 


R K 
2 eh eG ten O. + RL TN. ¢ 23\ 
12 1 A 23 R | 

Bg 4 


U 

P-) 

> % 

=z 

Lo) 

w& 

e 

= bd 
= [3 
Se eg 


k23 to a-2 
(Omit if a < 5$) 


k=J3 to n-2 _ 
(Omit af a ~ S) 
Pa Mads te My esnay tee) 
2 wb tan oy + R, DINGS R 
& A 
0 
R ( hee 
a~ 3s 
= --— wb tan 24 + R, ibe = j 
ky x ar 


140 lobe Sa) feo =) [phn et. ata ae ah Nl a [lala alan me 


ba Ke | 
h-—~ 
120 R —-—- zz ' 
Pe > | 
i 
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a 
| 
x= 
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FIG. 11.09-5 A HYPOTHETICAL LOAD AND !TS COMPUTED IMPEDANCE 


Table 11.09-3 
IMPEDANCE-MATCHING NETWORK DESIGNS |] to 4 FOR THE LOAD IN FIG. 11.09-5 


The impedance-matching network is of the form in Fig. 11.09-2 


For u}} deszgns below: w = 0.30, Ry = 33.33 7o0hms, = 30. 30) andeto: 


n= 3-Sec. 4.09 gives EGis 1, nee i, ott ooh (Ne Sys. By = 2.10, ye 0.45 
t — - 
Ope is (ee ax = 1.2 db, and TE Tos ian = 0.9 db, 


0.01095 _ 0. 02495 


0.01095 J.02583 
0.02449 0. 1549 
0. 004899 G, G02283 


, 


Within two significant figures the line admittances Yoo Voee and Y, 
of the matching network are very nearly the same. This is to be 
expected since the choice of d should, in theory, not affect the design 


unless there are more than two resonators in the matching-network portit 
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of the circuit. 


two resonators. ) 


(In this case, the matching-network portion has only 


Figure 11.09-6 shows the computed response of the load in Fig. 11.09-5 


connected to matching-network Design 1 of Table 11.09-3. 


The dashed 


curve is for the load as shown in Fig. 11.09-5 without any retuning. 


; : ; ea ; ' 
Note that the attenuation (i.e, transducer attenuation ) curve tilts a 


little to the right because of the dissymmetry of the reactance curve 


Gigtke load... The solid curve in Fig. 11.09-6 shows the result of 


retuning the load by increasing the midband inductive ceactance X, from 


340.3 ohms to 348.3 ohms. 


overcorrect) the tilt in the response. 


ce 


| DESIGN 1 AND 
u LOAD AS SHOWN 


“a IN FIG. 11.09-5 


Lam¢b 
w 


080 0.30 


OESIREO BAND 
OF IMPEDANCE MATCH 
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Note that the effect is to correct (actually 


By Figs. 4.09-3 and 4.09-4 the 


DESIGN | WITH 
XK, IN FIG.11.09-5 


INCREASED TO 
3483 OHMS AT to 


110 1.20 
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FIG. 11.09-6 TRANSDUCER ATTENUATION INTO THE LOAD iN 
FIG. 11.09-5 USING MATCHING-NETWORK DESIGN 4. 


Sea Sec. 2.1] for a discussion of this tere. 
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peak pass-band attenuation into the load should be 1.2 db for this ease, 
while the minimum pass-band attenuation should be about 0.9 db. As can 
be seen from Fig. 11.09-6, the pass-band ripple characteristic comes 


quite close to meeting these values, 


Figure 11.09-7 shows the computed attenuation characteristics for 
the same retuned load as described above (t.e., with x, = 348.3 ohms), 
but using matching-network Designs 3 and 4.° Note that for Design 3 
the generator resistance is R, = 20 ohms, while for Design 4, ts = 500 ohms. 
This, these two designs cover a range of choice of generator impedance 


of 25 to 1. As can be seen from the figure, the choice of i had no 


serious effect on the performance. 


Figure 11,09-7 also shows the performance when no matching, network 


is used but ip is chosen to match the load impedance at resonance. Note 


beer eee ee, DESIRED RANGE OF 
IMPEDANCE MATCH 


NO MATCHING 


Pia RIT WONK (Rg* 353 33 onms) 


DESIGN 4 
(R_ «500 ohms) 
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FIG. 11.09-7 TRANSDUCER ATTENUATION INTO THE LOAD IN 
FIG. 11.09-5 USING MATCHING-NETWORK DESIGNS 3 
AND 4, AND ALSO FOR CASE OF NO MATCHING- 
NETWORK 
In all cases shown the load is as in Fig. 11.69-5 except 
that X, has been increased to X, = 348.3 ohms at fy 


interest, while the reactance characteristic is also unsymmetrical. 


that the attenuation at the band edges in this case is 5.4 db as conpared 
with around 1,2-db maximum attenuation across the 30 percent: band when 

an nt = 3 matching network.is used. By Fig. 4.09-3, for a load with 

§ = 0.30, che best possible pass-band performance even with an infinite 


number of impedance-matching resonators would have a pass-band attenuation 


‘of 0.72 db. 


Figure 11.09-8 slows another series-resonated load whose impedance 
characteristic deviates quite markedly from the idealized symmetrical 
characteristic in Fig. 11.09-1(a). Suppose that we wish to match over 
a 40-percent band, ReZ, varies over a 2 to 1 range in the band of 
{n 
this case R, = ReZ 1p = 20 ohms, while [InZ,1, = 80 ohms and 


[mz | = 67 ohms. Averaging these latter two values gives 73.5 ohms. 
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FIG. 11.09-8 A SERIES-RESONATED LOAD WHICH 
DEVIATES MARKEDLY FROM THE 
;DEALIZED CASE IN FIG. 11.09-1(a) 
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Thus, an estimated decrement value is 


; 20 
5 = —— = 0,272 : 
Lac 
Table 11.09-4 summarizes the parameters of an n = 3 matching-network 


design for this load. 


Table 11,09-4 
IMPEDANCE -MATCHING NETWORK DESIGN 5 FOR THE LOAD IN FIG. 11,09-8 


The tmpedance-matching network is of the form in Fig. 11.09-2 


Design parameters: w = 0, 40, R, = 20 ohms, & = 0.272; and for 
n= 3 Sec. 4.09 pives Baer 1.00, See ats (Ae Bo = 0,48, B; = DSS, 


6, 6, 36, w= 1, (L,) = 1.4 db, and 7) = 1,07 db. 


max 


Y, Y53 
F (mhus) (ahos) {ahos) 
ie | 0.06281 0.01342 0.01498 


Figure 11.09-9 shows the computed transducer attenuation for the 
“matching-network Design 5 in Table 11.09-4, used with the load in 
Fig. 11.09-8. The solid curve is for the original matching network 
with the stubs a quarter-wave-length long at frequency i The 
dashed curve for Design 5 was computed with the Y, and ir stubs 
lengthened by 2.5 percent in an effort to correct’ the skewedness of 
the response curve. As can be seen, this achieved the desired resem 
but with a small loss in bandwidth. Note that the pass-hand ripple 
maxima and minime ure reasonably consistent with the (Ly eee = 1,4 db 
and (L,),;, = 1.07 db values predicted for = 0.272 using Figs. 4.09-2 
and 4.09-3. Figure 11.09-9 also shows the attenuation characteristic 
when no matching network is used but the generator resistance is 
chosen so as to give a match at resonance. Note that on this BaBae 
the attenuation is 5.9 db at the lower band edge und about 6.85 db at 
the upper band edge. 

The above examples show that though the procedures for matching- 
are approximate, they 


can give good results in close agreement with the theory. Also, the 


network design based on the methods of Chapter 10 


techniques described in this section are seen to be useful even 7 fee 


load characteristics deviate appreciably from the idealized, symmetrical 


Characteristicsyin, Figy F)e09-len Lfsthe joad impedance characteristics 
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=iG. 11.09-9 TRANSDUCER ATTENUATION INTO THE LOAD IN FIG. 11.09-8 
WITH AND WITHOUT MATCHING-NE T WORK DESIGN 5 
The parameters Q,, O53, and @, given are the electrica! lengths of 
the lines Y>, Y 44, and Y., of the motching network at frequency f4 


are skewed, this can often be compensated for by winor tuning adjustments 


on the load or on the resonant elements of the matching uetwork. 


In this section design data for only two specific types of wideband 


matching networks have been given. Though most of the other structures 


in Chapter 10 could also be used, the ones given in this section were 


chosen as particularly useful examples. If desired, data for other 
he obtained by the methods of Chapter 10 


11. 09-3. 


forms of matching networks can 


along with a modified low-pass prototype such as that in Fig. 


Other forms of networks may be desirable in special situations where 


they might give more practical dimensions for the impedance Levels and 


space limitations iavolved. 


SEC. 11.10, DESIGN OF WJ DK- BAND COUPLING STRUC CURES 
FOR NEGATIVE-RESESTANCE AMPLTUFI ERS 
The same procedures as discussed in the preceding two sections 


can also be used fer the design of coupling networks for negative: 


Menerancesdevices,: Consider, ‘for example, the negative-reststance 
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amplifier shown in Fig. 13,10-1. ‘The required negetive res:stance is _ 
assumed to have been achieved by use of a device such as a tunnel diode 
which has parasitic reactive clements in its equivalent circuit as well 
as a negative resistance, A broad-banding network is then desirable in 
order to compensate for the effects of these reactive elements so as 


to give as good performance as possible over the required operating band, 


(at es a eee art 


| 
| 
| 
ior 
| 
| 


| series-RCSONATED, | 
NEGATIVE-RESISTAMCE j SLAM 
’ DEVICE 
a oe es es) 
A 3527-440 


FIG. 11.10-1 EXAMPLE OF THE USE OF A FILTER STRUCTURE 
FOR BROAD-BANDING A NEGATIVE-RESISTANCE 
AMPLIFIER 


The negative-resistance is assumed to have been 
achieved using a device such as a tunnel diede which 
has parasitic equivalent reactances as well as negative 
resistance 


In Sec. 1.04 it was explained that a negative resistance amplifier 
with a prescribed response characteristic can be obtained by first 
designing a related filter having the specified negative resistance 
replaced by a positive resistance of the same magnitude, Then when a 
circulator 1s placed at one end of the filter and the specified negative 
resistance at the other, the desired gain characateristic can he obtained. 
Section 4.11 along with: Sec. 4.10 explained haw to obtain element. values 
for a low-pass prototype so as to achieve a given gain characteristic 


in a negative-resistance amplifier. 


The following procedure is suggested for the design of coupling 


networks for negative-resistance amplifiers of this sort: 


(1) The negative-resistance device should be mounted as it will be 
in the finished amplifier inciuding any voltage bias leads, 
etc. The negautive-resistance device should be brought to 
resonance at the desired midband frequency f. by adding an 
additional reactive clement. | a 
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(2) If the device is resonated in series, the impedance character- 
istic of the device should be determined. If .the device was 
resonated in shunt, its admittance characteristic should be 
determined, 


(3) The real part of the impedance or admittance characteristic wil} 
be negative, The real and imaginary part of the characteristic 
should be plotted, but with the sign of. the real part changed 
to positive. (This corresponds to changing the negative 
resistance in the equivalent circuit of the device to a positive 
resistance. )- 


(4) The decrement 3 of the plotted load characteristic for the | 
desired operating bandwidth should be determined as indicated 
in’ Fig. 1109-1 and the examples of Sec. 11.09. The parameter 
HR, ov G, should also be obtained. id 


(5) The low-pass prototype for the coupling network is determined 
. . » ® 
as described in Sec. 4.00. 


(6) Using the specified R, (or G,) parameter of the load atong 
with the-low-pass prototype parameters and the speci fied 
resistance R, (or conductance Ge) looking anto the circulator, 
the coupling network is designed in the same maiuner as the 
matching networks discussed in Sees. 11.98 and 11.09. 


The resonated negative-resistance device in the example in Fig. 11. 10-1 


has the same equivalent circuit as the load in Fig. 11.09-8, except 
for the negative resistor. Plotting -ReZ) and ImZ for the resonated 
negutlive-resistance device in Fig. 11. 10-1 would give a characteristic 


of the same general form as that in Fig. 11.09-8, and the determination 


of the decrement 8 would be done in the same manner as was described 


with respect to that figure. The design of the coupling network would 
follow the same procedures ax that for Design 5 which was summarized 

an Table 11.09-4, except: for that the factors controlling the choice 

of the low-pass prototype would be somewhat different. da the case of 
Design 5 of Sec. 11.09 it was assumed desirable to winimize (L,) 0... he 
the prototype element values were obtained from Fig. 4£.09-7 which giscs 
element values which are optimized for that requirement. However, in 
the case of a aegative-resistance amplifier, a flat gain characteris: 
may be a dominant requirement, and using the procedures of (Secs. 4. 10 


and 4.1) a somewhat different prototype might be chosen. 


e fa) PF » 
Note in Sec. 4,44 that for reasuns of circust stabatity as well as to obtein manimuin bhinodwedth, 


the prototype elements ky and &y (ruther then e, and xg dy must be assocsuted with the 


navi 
resonated negattve-ressestance devices 
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It is interesting to note what the gain of the circuit in Fig. 11,10-] 
would be af the plots in Fig. 11.09-8 were its Rez, and imZ, load 
charactertstics and if the matching network Design 5 of Table 11,09-4 
were used as the coupling network, Referring to the slightly retuned 
response for Design 5 in Fig. 11.09-9, by use of the graph in 
Fig. 4.11-1, we see that the peak transducer gain in the pass band would 


be about 7 db [corresponding to ci) of about }] db], while the 


min 
minimum gain in the pass band would be about 6 db [corresponding to 
(Lydney Of about 1,45 db). For this specified negative-resistance 
device, if more gain were desired with the same -pass-band-gain-variation 


tolerance, it would be necessary te go to a narrower bandwidth. 


Additional discussions of negative-resistance amplifiers will be 
found in Ref. 8, and in numerous other. references. The case of parametric 
amplifiers 1s similar in some respects, but is complicated by the manner 
in which the impedance seen at the idler frequency is reflected through 
the time-varying capacitance of the diode as an added impedance 


component seen at the input frequency, ? 


SEC. 11.11, BAND-PASS ‘TIME-DELAY FILTERS 


Although all of the information required for the design of band-pass 
time-delay filters has been presented previously, it appears desirable 
to review. sone ofthe band-pass delay-filter design procedures. Some 
general concepts related to time-delay filters were discussed in 
Sec. 1.05; element’ vialues and related data were given it shh 1h 07 for 
low-pass prototype filters having maximally flat time delay, and in 
Sec. 4.08 the time-delay characteristics of filters with Tchebyscheff 
and maximally flat attenuation characteristics were compared with those 
of maximally flat ‘time-delay networks. ‘It was noted in Sec. 4,08 that 
for many cases a Tchebyscheff filter having smull pass-band ripple © 
(say 0.1 db or less) may make a more desirable type of time-delay 
network than will a maximally flat time-delay network. This is because 
although the maximally flat time-delay network has a more nearly 
constant time-delay characteristic, its attenuation may vary considerably 
over the range of interest. Thus, in cases where both the attenuation 
and delay characteristics are important, Tchebyscheff filters 


with small pass-band ripple may make an excellent compromise, 


Let us suppose that a band-pass time-delay filter is desired to give 


0.016 microsecond wlelay in an operating band from 1000 to 1100 Mc, and 
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that from the discussion in Sec. 4.08 it is decided to use a Tchebyscheff 
low-pass prototype for the delay filter having 0.01-db pass-band ripple. 
By Eq. (4.08-4) the midband time delay bigs for the band-pass filter is 


te ee ee seconds?) 4 Sey) - 


where w, and w, are the radian band-edge frequencies of the band-pass 
f: 


t 
prototype, and tr is the time delay in seconds of the low-pass prototype 


filter corresponding to the band-edye frequency @, of the low-pass 


as w' 0. For the problem at hand, 


Bir ary 
Creu (=) tan seconds TGS Laas) 


6. 28( 1100-1000) 108 
-2(1) 


(0.016 x 1078) 


aH Ube . = §$.02 seconds, 


| where oe = 1] is assumed for the low-pass prototype. By Eq. (4.08-2), 


| where by Fig. 4.13-2, for a Tehebyscheff filter with 0.01-db ripple, 


and a band-edge frequency of Oy = ] radian/sec, for n = 7, ©) = 4,7 seconds, 
while for n = 8, C, = 5.7 seconds. Letting n = 8 so GeaeG ont Seconds, 

the desired delay can be obtained by enlarging the bandwidth slightly 
so that 


| | DMI Sha 
| : | 0.016(10-°) 


= 7.14 X 108 rad/sec. 


7.14 =< 108 
ED pA a aU a 


= 113 Me/sec. 
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Thus, a band-pass filter designed from a 0.01-db-ripple, n = 8 
Tohebyschelf pretotype [whose element values are tabulated in 
Table 4.05-2(a)). so as to give a 113-Me pass-band centered at 1050 Me 
should have the desired midband time delay.” 

When using Eq. (LL.EP-1), it should be realized that vt is based on 
the assumption that the low-pass prototype phase characteristic maps 
linearly into the band-pass filter phase characteristic, so that the 


frequency mapping 


, 


20) Ww 7 Ww, ; 
aw ty Sea peer e (APS Hel ots} 
w a) 
where 
Wy Sey a 
Te ce Se 
a 
ae 
ana. 
W» + w, 
ree) = Sr 
° 2 


is valid,. The mapping Eq. (1L.11-5) 1s generally wecurate for narrow- 
band designs (t.e., for designs with fractional bandwidths of, say, 
around w = 0.05 or less), and depending on the type of filter it may 
have satisfactory accuracy to quite large bandwidths. However, 1t 
should be-realized that to the degree that the band-pass filter pass-banud 
characteristics vs. frequency are not a tinear mapping of the low-pass 
filter pass-band characteristics, the shapes of the low-pass and band- 
pass time-delay characteristics will differ since time delay is the 


derivative of the phase with respect to frequency. 


Another factor that: can alter the tame-delay characteristic of the 
band-pass filter from that of its prototype is the dissipation toss, 
In general, the dissipation loss in a filter tends te cause the natural 
frequencies of vibration of a circuit to move toward the Left side of 
the complex frequency plane away from the yw axis (see Secs. 2.02 to 
2.04). This will cause the phase and tame-delay characteristics to be 
‘somewhat different than they would be iff the filter cireuit had no 
dissipation loss, For cases where the attenuation due to dissipation 
is not large (say a few tenths of a db or tess), the alteration of the 


« 
This wssumes thet the time delay due to the physic#! length of che microwave filter can be 
neglected, as is usually true.. 
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time-delay characteristic due to this cause is probably small. The 
part of the response where attenuation will be most evident will be 
near the band edges, and there it should tend to smooth the time-delay 


characteristic, which should not be harmful. 


TiS 


10. 
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CHAPTER 12. 


: BAND-STOP. FILTERS 


SEC. 12.01, LNTRODUCTION 


In most microwave systems the signal frequency has to be transmitted 
and guided from one place to another with a minimum of attenuation, while 
unwanted frequencies are strongly attenuated by band-pass filters which 
pass the signal frequency with low attenuation. The comnon types of  band- 
pass filter provide adequate protection for most applications. lHowever, 
should some interfering frequency be particularly strong, special measures 
may have to be taken to Suppress it; or when « limited number of fre- 
quencies are generated in a frequency generator system, high attenuation 
may be needed on} y at certain frequencies. In such cases, a band-pass 
filter, which discriminates against wide ranges of frequencies outside 
the pass band, will not be as efficient as one or more band-stop filters 


which discriminate against specifie unwanted frequencies. 


Figure 12.01-1 shows te types of band-stop filters to be discassed 
in this chapter. Both of these filters are useful for situations where 
relatively narrow stop bands are desired. The structure Puhigy Mees Nt a) 
1s most suitable for designs having stop-band widths of, say, around 
20 percent or less, while the same statement would also apply for the 
structure in Fig. 12.01-1(b) af reciprocal guide wavesecugth Cue ahh/ Ay) 
is used as the frequency variable. The structure in Fig. 12.01-1(a) can 
he fabricated in eicher strip Pine or coaxial bine, and it uses capaeci- 
tively coupled, band-stop resonator stubs which are spaced a quarter 
wavelength apart at the stop-band center frequency.  Yhe waveguide fiite: 
structure in Fig. 12.01-1(b) is similar in proaeciple, but uses band-st op 
resonator cavities which are coupled to the main waveguide by inductive 
irises. In order to avoid interaction between the fringing fields at the 
Various resonator irises, the resonators are spaced three guarter gurde 


wavelengths apart. 


Figure 12.01-2 shows another type of bhand-stop filter discussed in 
this chapter. The structure shown is of strip-line form, though the 


| stubs are often most conveniently made from wire rods. This type of 


7 


&-3927-646 


(b) 


SOURCE: Quarter? Report 3, Contract DA 36-039 SC-8739%, SAL; 
reprinted in JRE Trans. PCMTT (sce Ref. 1 by Young, 
Matthuei, and Jones) 


FIG. 12.01-1 STRIP-LINE AND WAVEGUIDE STRUCTURES FOR BAND-STOP 
FILTERS WITH NARROW STOP BANDS , 
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STRIP LINE 


_ — WIRE RODS -—__ 


RA S527 SO? 


FIG. 12.01-2 A BAND-STOP, STRIP-LINE FILTER STRUCTURE 
HAVING A BROAD STOP BAND 


filter can be designed to give quite wide stop bands, with well controlled | 
Tchebyscheff or maximally flat pass bands, or pass bands of other shapes 
-between the stop bands. The stop bands are centered at frequencies where 
the open-circuited stubs are a quarter-wavelength long or an odd multipie 
of a quarter-wavelength long. The structure in Rig. 1220). 2 coukd in 
principle also be used for filters having narrow stop bands; however, as 
the step-band width becomes narrower, the. stub impedance required may 
become very high. In order to avoid unreasonabie impedancss, the struc- 
tures in Fig. 12.01-] become preferable for harrow-stop.bard or relatively 


narrow-stop-band cases. 


SEC. 12.02, LUMPED-ELEMENT BAND-STOP FILTERS FROM 
LOW-PASS PROTOTYPES 


oa 


A low-pass filter prototype such as those discussed in See 4°95 can 
be transformed by suitable frequency transformations into either a pand- 
pass, a high-pass, or a band-stop fiiter. The transition from tow-pas: 


to band-stop characteristic can he effected by the transformation 


AY 
] 1 cw oad 6 
es i (12. 02-4 
Kee) Uo i (a) 0 @) 
nae 


where w’ stands for the radian frequency of the low-pass prototype filter 


and w for that of the band-stop filter. The remaining quantities in 


Ka. (12,0221) are defined in Figs. 12,02-1 and 12.02-2. 


[ft can be seen from By. (12.02-1) und Figs. 12,02-1 and 12.02-2 that 


the prototype: and band-stop- filter frequencies in Table 12.02-1. correspond. 


L3*9, Ln"Gn 
Ro C9, if Cy95 Snes or 
“Go Bnei 
ed ee Od a 
A* even n*o004 
(9) 
by*Gn 
it - SVN 2l—. 
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“One 
n-odd 
(b) 
2 2 
v 2° 
! | 
2 ° 
le - 
2 < 
= =) 
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ss - 
a <q 
(c) (a) 
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SOUNCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SHY 
reprinted in iRE Trans. POMTT (nee hel. 1 by Young, 
Matthaoi, and Jonen) 


FIG. 12.02-1 LOW-PASS PROTOTYPE FILTER: (a) AND (b), FOUR BASIC CIRCUIT TYPES, 
DEFINING THE PARAMETERS gy, 9), --. 9,48 (¢) AND (d), MAXIMALLY FLAT 
AND EQUI-RIPPLE CHARACTERISTICS, DEFINING THE BAND-EDGE .../ 


ve 
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Az even Nz066 


(b) 
Pa a 
3 4 $ 
= = i 
z ou 
° 3S 
ro te 
4 a 
= > 
z 2 
wW ive J 
1} - 
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= = 
(c) (d) 
Ys WoW, 
WHERE Wo * (w,w>) ~ and w= ——-—— 
2 Oe 


FOR SHUNT BRANCHES, x, =wol = 


FOR SERIES BRANCHES, &ys (Gp Se SS 


SOURCE: Quarterly Report 3, Contract DA 36-079 SE-8730R, SRIs 
reprinte! in IRE Trans. PGMTT (sce Ref. 1 by Young, 
Matthaei, and Jones) 


FIG, 12.02-2 BAND-STOP FILTER: (a) AND (b), FOUR BASIC CIRCUIT TYPES DER! 


FREQUENCY »., AND FRACTIONAL BANDWIDTH w 


Table 12.02-1 Yo obtain the L, and C, in 


RELATION BETWEEN VARIOUS FREQUENCTES Fig. 12.02-21interms of the g, in 
IN THE PROTOTYPE- AND BAND- STOP Fig. 12.02-1, itis simpler (but #Oeeee 
FILTER RESPONSES 


sential) to derive Fig. 12.02-2(a) from 
Fig 12.02-1(a) and Fig. 12.02-2(b), 
from Fig. 12.62-1(b) so that series im- 
pedances, go over Lo other series imped- 
ances, and shunt admittances to other 
shunt admittances. Multiplying both 
sides of Eq. (12.62-1) by I/g;, one ob- 


tains the desired relation. For 


when w ““ | 


shunt branches, equating reactances, 


1 1 erie AS05 
Ahoes PA Pps ep da Aa | (inate eae (12.02-2) 


] i 
w ob = = (12.02-3). 
bes wc; Vos B ; 
For series branches, equating susceptances, 
, } ys. MTR loses | 
a | 52 peraet EaE eee te , = (12.02-4) 
wh | ge wi 8, \Wo w 
which reduces to 
} 1 
oC, = cb See eee : (12.02-5) 
wo, uUxe, 


The reactance slope parameter x of a resonator reactance X= OOLGS 


1/uC 1s 


(12.02-6) 
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. . « . 
and similarly the susceptance slope parameter 4 of a resonator susceptance 


B= af - \/wh is 


pag ee C (12, 02-7) 
= ea <a eo = w = . = 
Pano a 0 wy L 
0 
Now Eq. (12.02-3) for a shunt branch becomes 
j 
Pen ee (12. 02-8) 
baer Sh 
and Eo. (12.02-5) for a series branch becomes 
l 
OF = eats el é (12.02-9) 
wos & 


The circuits shown in Fig. 12.02-2 have the same impedance levels as the” 
protetypes in Fig. 12.02-1. To change to another impedance level, every 
R and every L should be multiplied by the impedance scale factor while 


every G and every C should be divided by it. 


Sic. 12.03, THE EFFECTS OF DISSIPATION LOSS ON BAND-STOP 
FILTER PERFORMANCE 


The discussion in this section will be phrased in terms of the 
lumped-element band-stop filters in Sec. 12.02; however, this discussion 
also applies to the microwave- 
filter structures such as those 
in Figs. 12.01-1 and 12.02-2. 


aNe 5 5 : WITR DISSIPATION 
Phe solid lines in 


Fig. 12.03-1 show the attenua- 


tien characteristic of a typical 


ATTENUATION — 6b 


band-stop filter of the forms in 
Fig. 12.02-2 for the situation 


where the resonators have no 


dissipation loss, However, in 
practical filters there will in- 
evitably be dissipation loss, and_ FIG. 12.03-1 THE EFFECTS CF DISSIPATION 


the dashed lines in Fig. 12.03-1 LOSS IN # S3AND-STOP FILTER 
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illustrate its effects on filter performance. Note that the attenuation 
no Jonger goes to infinity at Ce but instead tevels of f at some finite 
value. Also note that near the edges of the pass bands of the filter 
there is an appreciable increase in the pass-band attenuation as a result 
of the dissipation. flowever, this increase in pass-band attenuation due 
to dissipation decreases rapidly as the frequency moves away from the 


stop band. 


Figure 12.03-2 shows a filter of the type in Fig. 12.02-2 with pam 


sistors added to account for the dissipation. luss of the: resonators. Ifa 


(1) ATTENUATION AT Wy: 


) at + Bobat) Ai 
(L, “9 = 20 aes lors y (gb) 10. Tog, 9 wre : 
where D, = wor Q,, 
(2) RETURN LOSS AT Wy: 3 
10 1 1 Ne ey i 
Oo Sr esanier 7 
10 j ie won By B,V 1 


(3) DISSIPATION LOSS AT ca 


1 AND ay? 


‘ 
“1 | 8i8y \ 2/84 


OL 3 8.686 


wails ae + 
A a Lary) Que Qu Cus 
B,/By &,,8y 
+ or db 
UR fos Can for 
n-even n=odd 


RA-3527- 2338 


SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI; 
reprinted in JRE Trans. PGMTT. (ace Ref. 1 by Young, 
Matthaci, and Jones) 


FIG. 12.03-2 A BAND-STOP FILTER WITH DISSIPATION, AND 
FORMULAS FOR COMPUTING THE EFFECTS OF 
THE DISSIPATION 
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the unloaded Q’s of the resonators are Oy 5Q.5: tor eactoexnechenmion the 


shunt branches of the circuit 


G, = . (12.03-1) 


where x, is the reactance slope parameter of the resonator, while for the 


series branches of the circuit 


Rye ) (12.03-2) 


, : 
where 6, is the susceptance slope parameter of the resonator. 


Figure 12.03-2 also presents a formula for computing the attenuation 


of the filter at the peak attenuation point w This formula was derived 


ie 
from the low-pass prototype circuit as discussed in Sec. 4.15. A formula 
is also given in Fig. 12.03-2 for the return loss at frequency w,. .This 

is of interest if a band-sceop filter is required to provide a short-circuit 
(or open-circuit) to an adjacent circuit at frequency w). A formula is 
also given for estimating the increase in attenuation due to dissipation 

at the pass-band edge frequencies @, and #,. This latter formula is-basee 
on several rather rough approximations which were discussed in Sec. 4.15. 
Though it is not highly accurate, this formula should be helpful in esti- 
mating the order of the dissipation loss at the pass-bhand edges. (it 
should give the Ob, in db at w, and w, within a faetor of 2 or less.) 


SEC. 12.04, AN APPROXIMATE DESIGN PROCEDURE FOR 

MICROWAVE FILTERS WITH VERY NARROW STOP BANDS 

In this section a design approach for microwave filters with very 
narrow stop bands will be outlined. This approach is very simple and 
general in its application. However, in Sec. 12.09 will be tound another 
approach which will give superior accuracy, especially if the stop-band 
width is appreciable. However, the design data there leads to designs 
which are somewhat more difficult to build because of transmission- tine 
ateps (which are not required when using the procedure of this section) 


Both design approaches are included for completeness. 


’ 
To realize a band-stop filter in transmission line, Lt 1s more con- 


venient to use only shunt branches, or only series beanches. The circurt 
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of Fig. 12,02-2(a) can be converted into a circuit with only series- 
resonant shunt branches by meansnot impedance inverters (Sec. 4.12) 
which here are approximated by 90-degree line lengths, as shown in 
Fig. 12.04-1. The reactance slope parameters of this circuit in terms 
of the low-pass prototype parameters 9,8,) «+--+» Batt? and w, are also 
given in Fig. 12.04-]. These formulas can be deduced with the help of 
Figs. 12.02-1 and 12.02-2, and the impedance-inverting property of 


quarter-wave lines. 


In the circuit of Fig. 12.04-i(a), the output impedance and the 
input impedance have both been set equal to Z,- ‘In the case of maxi- 
mally flat filters, or Tohebyscheff filters with n odd, the whole 
sequence of impedance inverters can be uniform, with the 90-degree lines 
all having impedances Z, = Z,. However. for Tchebyscheff filters with 
n even, the low-pass pratotype is not symmetrical, and the simplest way 
to obtain a symmetrical band-stop filter of the type shown in 
Fig. 12.04-1](a) is to set the impedances of all the 90-degree lines 


equal to Z,, which ceases to be equal to Zo, and is given by 


: 2 j 
e) (12.04-1) 
Z B obnth : 


as stated in Fig. -12.04-1(a). 


If the slope parameters determined by Fig. 12.04-1(a) are either 
too small or too large to realize conveniently, they may be adjusted up 
or down by controlling the impedances of the 90-degree lines. The for- 
mulas for the general case are given in Fig. 12.04-1(b). They reduce to 
the case of Fig. 12.04-1(a) when Waite Dy FT t ei 2 Aho et should be 
noted that if the Z, are chosea to be very unequal, then greater reflec- 
tions will usually result somewhere in the pass band than would occur 
with a uniform impedance level Z, = Z2,. This is because the 90-degree 
line sections between resonators are frequency-sensitive and approximate 
idealized inverters only over a limited frequency range. If the line 
sections in Fig. 12.04-1 were ceplaced by ideal inverters (Sec. 4.12) 
then the responses of the circuits in Pig. 12.04-1 would be identical 
to those of corresponding cireusts.of the form in Fig. 12,02-2 atumae 


frequencies. 
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SOURCE: Quarterly Report 3, Contract DA 30-039 SC-87398, Spi: 
reprinted in /RE Trans. POMIT (see Ref. 1 by Young, 
Matthaei, and Jones) 


FIG. 12.04-1 BAND-STOP FILTER WITH SHUNT BRANCHES 
AND QUARTER-WAVE COUPLINGS: 
(a) EQUAL INVERTER IMPEDANCES, 2); 
(b) GENERAL CASE OF UNEQUAL INVERTER 
IMPEDANCES 
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SOURGE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI 
reprinted in IRE Trans. PGMTT (sce Ref. 1 by Young, 
Matthaei, and Jones) 


FIG. 12.04-2 BAND-STOP FILTER WITH SERIES BRANCHES AND 
QUARTER-WAVE COUPLINGS: (a) EQUAL INVERTER 
ADMITTANCES, Y,; (b) GENERAL CASE OF UNEQUAL 
INVERTER ADMITT ANCES 


Figure 12.04-2 shows dual circuits to those in Fig. 12.04-}. The 
circuits in Fig. 12.04-2 use series-connected resonators which exhibit 
high reactance at resonance. The transmission properties of the fiiters 


in Fig. 12.04-2 are identical to those of Fig. 12.04-1. 


We shell now consider the practical realization of resonators for 


microwave filters of the forms in. Figs. 12.04-1 and 12.04-2- 


SEC. 12.05, PRACTICAL REALIZATION OF BAND-STOP RESONATORS 
FOR NARROW-STOP- BAND FILTERS 


The design procedures in Secs. 12.04 and 12.09 pive the reactance- 
slope parameters 2) OF susceptance-slope paramelers b of the resonators 
of a narrow-stop-band filter and the mmpedances or admittances of the 
connecting lines. The practical design of microsave band-stop resonators 


so as to have preseribed slope parameters will now be considered. 


[rn strip transmission line or coaxial line, the circuit of 
Fig. 12.04-1 may be realized by using non-contacting stubs, as shown in 
Fig. 12.01-}(a), with the gaps between the stubs and the main line 
forming the capacitances required in Fig. 12.04-1, and the stubs ap- 
proximating the inductances. “The stubs may be short-circuited and just 
under 90 degrees long, as shown in Fig. 12201-'Ca) and indicated in 


Fig. 12.05-1(a); or they may be open-circuited and just under 180 degrees 


long, as indicated in Pte. 12.055 1(b). Figures 12.05-1(c) and (d) show 
the corresponding dual cases. The inductively coupled resonator bn 


Fig. 12.05-1(d) which is slightly less thaa a half wavelength long at 
resonance, 15 the type of resonator used in the waveguide bandg-scop 
filter in Fig. 12.01-1(b). The case of Fig. 12.05-1(a) will now be 
treated specifically, and then eer Cigartact wines sual Teeny aed, and 


(d) can be treated by extension of this first case, 


The transmission fines will be supposed tos be non-dispersiye Ct 
waveguide or other dispersive ine is used, replace normalized trequency 


by normalized reciprocal guide wavelength Rie where A_ and 


ereks 
wy wm & BY 


0 
are the guide wavelengths at frequencies @ and wy, respeetivery.] 
Forcing the resonator reactance Lo be zero when «w 3 w) and v= wy fe- 


quires that 


Zy tan Poe = o— (12.05-1) 
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CIRCUIT APPROXIMATE DESIGN 


EQUIVALENT FORMULAS 
CIRCUIT ; 
Cy 
q}+-————_ 
: 2 22 
Be Me c L F (#0) Zp 
(gratin | Uae 9 gg LN 
| 4 Wo Cp Zpton do 
to (F - 89) 
(a) 
Cy 
qt¢———____—__—_——— 
Zo 0/C G(¢o) » 2x 
Cc (te 
i ey Yo Ce" Foran bo 
H— (F +40) * (# - 8) 
(b) i 
4 
Ue ve o/c L F ($5) = 7 
L a | - Cc “oly Yo fan g5 
¢0°(F - 8o) 
(c) 


: Yp | s/c | 5 G($o) = 


Lp 
Woly* 
— (E+ 4) +(n-24) 


Y 
Yb tan do 


(a) 


WHERE F(¢) = psec? +10n > (TABLE 2) 


G(4)=2F () + 1 (28 - sin2a) 


B- 3527-23: 


SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI: 
reprinted in JRE Trans. PGMTT (sce Ref. 1 by Young, 
Matthaci, and Jones) 


FIG. 12.05-} REALIZATION OF RESONANT CIRCUITS IN TRANSMISSION LINE: (a) AND 
(b), SERIES RESONANT CIRCUIT, SUITABLE FOR STRIP OR COAXIAL 
LINE; (c) AND (d), SHUNT RESONANT CI 2CUIT, SUITABLE FOR WAVEGUIDE 


” 
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Since ~ is preportional to a, 


ap dw 
oat pe Sos ' (12.05-2) 
28) w ; 


and the reactance slope parameter is 


ood (z = : ae 
A = —_—_- -— ti eg omens ‘ a 2 
Sh Ne ef b. a Che aoe) 
aco. ad 0 
Z, As Z, “ 
Etat Wee ete ee oc ees rer Ke a 12, OS t) 


where the function Fig) is defined by 


Fop) = gq see? pe + tan : Ce USS 
This function can be determined numerically from Table 12.05-1. 


To determine the three parameters Ce, ae and Yo, one of them may 


: : 3 : p ao : ; 
be selected arbitrarily, for instance Z The slope parameter’ x or 6 


bh: 
is determined from Fig. 12.04-1 or 12.64-2, or from See. 12.09. For 
the circuit of Fig. 12.05-1(a), Sis is determined from the assumed value 
for Z, by use of Eq. (12.05-4) and Table 12.05-1, and finally 


Eq. (12.05-1) yields C,. These formulas and the ones corresponding to 


ail four cases are summarized in Fig. 12.05-1. 


For a given ~) and Z, or Y the slope parameter of the near-180- 


b 
degree line is almost twice as great as the stupe parameter of the 
near-90-degree line. More precisely, for the near-180-degree lines 


{Cases (db) and (d) an Fig. 12.05-1!] one has to substitute 


fa ‘ Cae oa 
Gy) = ny + 2) Seem yah. tran ea) (12.95-6 
> 
a : 
(Pp in radians) for F(p), which was used with the near-96-degree lines 
{Cases (a) and (¢) in Fig. 12.05-1]).. Thais can be writtes more can- 
veniently as 
G(p) = 2p) + —---—--——~ CL2E OS 
5 if 
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where 


J nN 
5 = 9 RD (12.05-8) 


is the amount by which the line length falls short of w/2 or w radians, 
respectively. The last term ia Eq. (12.05-7), mamely (28 - sin 28)/n, 
is usually very small, so that G(~) is very nearly twice F(p). For 
instance, when = 7/3 = 60 degrees, the error in G(y) due to neglecting 
this term in Eq. (12.05-7) is less than % percent, while for ~ = 1/4 = 
45 degrees, the error is 3.4 percent. One may therefore still use 

Yable 12.05-] ta solve for ~,, looking up F(qW) = (1/2)G(p), and subse- 


quently making a small correction if g) is smaller than about 60 degrees. 


0 


SEC. 12.06, EXPERIMENTAL ADJUSTMENT OF THE COUPLINGS 
AND TUNING OF BAND-STOP RESONATORS 


In constructing resonators of the forms in Fig. 12.05, usually the 
coupling capacitances C, are realized by capacitive gaps, while the 
coupling inductances L, usually apply to waveguide filters where the 
coupling inductance is achieved by an inductive iris. Since it is often 
difficult to compute the appropriate gap or iris size with as much ac- 
curacy as is desired, it is frequently convenient to experimentally 
adjust these couplings to their proper value. This is done most easily 
by testing one resonator at a time with the other resonators removed 
(in the case of a strip-line filter with capacitive gaps), or with the 
coupling irises of the other resonators covered with aluminum tape (in 
the case of a waveguide filter). Using this procedure the measured 
3-db bandwidth for each resonator can be compared with a computed value, 
and the coupling altered untii the computed value of 3-adb bandwidth is 
obtained. Since in many cases the filter will be symmetrical, it will- 
usually be only necessary to make Cthrs test on half of the resonators. 
Once the proper coupling gaps or iris sizes have been determined, they 


are simply duplicated for the other half of the falter. 


The 3-db fractional bandwidths of the feur types of resonar rs in 
Fig. 12.05-1 are given in Fig. 12.06-1. Case Coyeanerap. V2.00-f may, 
for instance, be derived by noting that the insertion loss of a reéact- 
ance X in shunt with two resistances R, = R, is 3 db when the reactance 


bas the value X = (1/2)R,.- By Eq. (12.05-4) 
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FIG. 12.05-1(0) 
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r= R,/Ry IN CASES (a) AND (d), 


WHERE h(r) 5 


r= G,/Go IN CASES (C) AND (4). 


NOTE. IF R,)*Ro OR G,+Go, THEN Ale) =! 


R-S9LP- 280K 


SOURCE: Quarterly Report 3, Contract DA 36-039 SC-8TSOx, SHI; 
reprinted in IRE Prany, POMPEY .cee Ref. bby Young, 
Matthaer,-and Jones) 


FIG. 12.06-1 THREE-db FRACTIONAL BANDWIDTHS 
OF THE RESONATORS IN FiG. 12.05-1 
PLACED ACROSS THE JUNCTION OF 
TWO TRANSMISSION LINES 
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Since we are only considering small bandwidths, we may replace 2dw/a, by 


the 3-db bandwadth, u, and dX hy (1/2)8). Then 


Aone 
| ibang hie att Sled (12.06-2) 
7 Pipyy 


This equation would apply io the case of a resonater of the ferm ia 
Fig. 12.05-1(a) connected across a uniform trapsmisston bine of charac - 
teristic impedance equal to Be SP raee Uh ae woh cilia ss terminated at both ends’ 
in its characteristic impedance. 

The equations in Fig. 12.@6-1(a) and 12,06-1(h) sere derived in a 
simiiar but more general fashion. Note that these cquations provide for 
unequal loading at the left and right sides of the resonators. Ties TS 
of interest for cases where the main transmission Bia may have ampedance 
steps in it. [Ti narrow-stop-hand filters the loading resistances R, and 
R, can be estimated by computing the ampedances seen Yooking left and 
right from the resonator in question with all other resonators renoved, 
These smpedances will be pure iy real at wo, but, of course, they will 
vary with frequency if impedance steps are present. However, in the case 
of narrow-stop-band filters, at should in’ most: cases he permissible Lo 
regard these impedances as constant: resistances across the range of in- 
terest. This is because the frequency band involved rs small. and on 
practical situations any. tmpedance steps involved wit! usually also be 
small. In many practical cases the main-line impedances will all be 


equal so that the factor A(r) in Fig. 12.06-1 ts equal to one. 


The discussion above also applies to the dual cases in lig. HAG Te ) 
and 12.06-1(d), where the @équations are in terms of admittances instead 
of impedances. We jiay note in passing that aifir = Renner fas re ots 
greater than -3 4 ie es 9 HON Core TSS Gina so Oe Oe tS, then, the 
3-db bandwidth does not exist, since the intrinsic mismatch of the junc 
eFoniecauses a 3-db ref Wection boss’ and any resctance ats the junetion can 
only serve to increase it. A 10-db or similar bandwidth would then have 
to be used for the experimental adjustment. ilowever, such cases are net 


likely to arises in practice and will not be considered further, 


vow 


In the case of filters with narrow stop bands, the tuning cf the 
resonators must be quite precise if the response is to be as specified. ~ 
Tuning is easily accomplished using tuning screws located in a high- 
voltage region of each resonacor. One resonator should be tuned at a 
time while the other resonators are detuned or decoupled by adding 
foreign bodies near the other resonators (in the case of a strip-line 
filter) or by covering the coupling irises of the other resonators with 
aluminum tape (in the case cf waveguide filters). With the other reso- 
nators detuned or decoupled, a signal at the mid-stop-band frequency is 
fed through the main bine of the filter, and then the resonator in ques- 
tion is tuned to give maximum attenuation of the signal (around 30 or 
40 db in many practical cases). The main advantage in incapacitating the 
‘other resonators while any given resonator is being tuned is that this 
technique helps to kecp the signal level sufficiently high so that a 
distinet minimum can be observed when each resonator is tuned. If more 
‘than one resonator is resonant at a time the signal level may become so 


low as to be undetectable. 


SEC. 12.07, EXAMPLE OF A STRIP-LINE, NARROW-STOP-~- BAND 
FILTER DESIGN 


Let us suppose that a filter is desired with iie following specifi- 
cations: 
Frequency of infinite attenuation, f,: 4.0 Ge 
Pass-band ripple: 0.5 db 


Fractional stop-band bandwidth to equal-ripple 
(0.5-db) points: w = 9.05 


Minimum attenuation over 2-percent stop band: 20 db. 


In order te estimate the number of resonators required, Ey. (12.02-1) 1s 


used in the form 


a w 
Peay er ae (12, 07-18 
ay Ww oe) 
wy w 
which with w = 0.05 and w/w, = 1.01 (corresponding to the prescribed 


upper 20 db point) yields Jeo’ vt | = 2.5. From Fig. 4.03-7, which applies 
to Tchebyscheff prototypes with 0.5-db ripple, we find that for jo" /w' | = 259 
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mies 


ie. at uenmateoniatie. 5 db for-n @ 2 /and":26 dh foc .n = 3. Thus « design 
with n = 3 resonators will be required. Since the peak attenuation of 
this falter will surely be much greater than 20 db, the calculation of 
peak attenuation at Wy (discussed in Sec. 12.03) need not be made in 
order to fix the design. The design equations in Sec. 12.04 will be 
used in working out this example; however, the somewhat more accurate 


equations in Sec. 12,09 could also be used. 


From Table 4.05-2(a), the low-pass prototype parameters for 0.5-a! 


ripple and n = 3 are 


Rig. cee. f0 
PN Poy ee Cee, 
Bint can 1.0967 
and w’ =}. Yhe filter takes the form shown in Fig. J2.01-1fa). From 


Fig. 12.04-1(a) with Zy 2yi2 


aA on) 
== is) = = 12,528 
Zo Zo 
CPO207 3) 
Ls : 
eS US 
at } 


The physical embodiment of the filter is shown tn Fig. Neween (igiant a 


The characteristic impedance of the main ive, fy aas made 30 ohms , 
and the line consisted of a solid strip conductor OG. 184 ined: wade and 
35] 


0.125 inch high, with a zround-plane spacing of 0.312 inet The branch 


stubs were each made of square cross Keron Cis leach iy: OF ToS s, 


which gave the impedances Tan, iar eee Vay ae de Wives: Covel we.) S4t= 2) 
Vherefore from Fig. 105-1 
On, i ‘ 
F ) F ) Cea Soe 
Cop) = FOP gs ? y er 
“9 an | 
and Elie OieeineD 
Jay Li 
BELEN) nyt eet a tees ise TUE | 
Sie: y y 
“4 Za 3 


BRASS 


YPE-N CONNECTOR 
ALUMINUM ERS Me 


POLYSTYRENE 
_ SUPPORT 


&-3927- 8308 


SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI; 
reprinted in JRE Traas. PGMTT (see Ref. 1 by Young, 
Matthaei, and Jones) 


FIG. 12.07-1 A STRIP-LINE BAND-STOP FILTER 
WITH THREE RESONATORS 


which can be solved by Table_,12.05-1 to give 


Po) = Dee See A et 1205 radians 
(12.907-5 
Poo a UO oe jh, Sad radians 
Again from Fig. 12.05-1(a) we obtain 
Bs, = ont = 0.004764 mho 
12.07-6 
wel, = §.003888 mho : a 
2 
which at 4.0 Ge yields 
By Z oe = 0.1893 pf 
i : (12.07-7) 
Ce = 0.1546 pi 


738 


Aw: IS TE NRG A ns oA SME EP RR SS Ucar aN dart 


With O.125-by-0.125-inch stubs, such capacitances are obtained with a gap 
of the order of 0,031 inch, which is a quite suitable value,. being smal t 
compared to a wavetength but still large enough to be achieved accurately 
without special measures such as using dielectric in the gap, which would 


increase the dissipation loss. 


The length of the stubs is determined by Eq. (12.07-5) and the wave- 


length, which is 2.950 inches at 4.0 Ge, Tt was at first assumed thet 
the reference plane was in the gap face opposite the main bine. The 


capacitive gap of each stub was adjusted to give peak attenuation at 
4.0 Ge and the 3-db bandwidth of the stop band of stubs 1 and 2 were 
then measured individnally. The 3-db fractional bandwidths wo are given 


Phy Fig. 12.06-1(a): 


ED 1 . 
ae ee re. O10 
Quek CL) 
(12.07-8) 
an 1 
MO al ge a es, 0.0274 
A F(Py2) 


Ac first, the measured bandwidths were slightly too narrow, showing the 


coupling to be too luoase. The coupling gaps of the stubs were reduced 
until the required 3-db bandwidths were obtained. Then the lengths of 


the stubs were corrected to give the desired 4-Ge resonant frequency. 

TC anleimcnaione: were outer stub lenyths 0.605 inch, paps 0.0505 rich; 
middle stub length 0.629 inch, gap 0.045 inch, The three stubs were chen 
placed along the Line as shown in Fig. 12.07-1. Vhey are nominally 90 
degrees apart between reference planes at 4.0 Ge, but the spacing is not 
critical, and they were simply praced a quarcer-wavelength apart between 


centers (0.738 inch), and not further adjusted. 


Vilas Amporeantotbat..there should he vdessnler acy non!) oF wutual cou- 
I 
pling, between stubs: with a ground-plane spacing of 0.3120 tach, the 


attenuation of the TI mode (electric vector parallel to the ground 


Rie 
planes) from stub to KM Sire. MiinieSOMibere ade soreh should he 


> 


adequate; 2t 1s also necessary to Maintain proper centering So as Het 


to excite the parallel-plate mode. 


The response of this filter was computed on a digital computer and 
is plotted tn Py reloc0t- a. lie points shown are the measured results 
on the experimental filter. The circles represent the measured reflec- 
tion toss of the filter, which may be compared with the computed curve, 
while the sobid dots represent the total measured attenuation, ineluding 
the effect of dissipation. The computed reflection loss reaches a ripple 
height of 0.7 db below, and 0.8 db above 4.0 Ge (instead of 0.5 db, which 
was called for by the low-pass prototype). The measured reflection loss 


reaches ua peak of 1.2 db below, and 0.7 db above 4.0 Ge. 


The -somewhat oversize pass-band ripples in this filter are duc mainly 


to the frequency sensitivity of the A/a coupling lines hetween resonators, — 


30 
COMPUTED ATTENUATION 


e « eNEASURED ATTENUATION 


eo 6 we REFLECTION LOSS COMPUTED FROM 
MEASURED VSWR 


ATTENUATION -—db 


: c — ; = 
32 34 36 38 40 42 44 36 46 
- FREQUENCY ~— Ge 


Oe S32. 521-8 1m 


* SOURCE: Quarterly Report 3, Contract DA 36-G49 5C-87398, SR 
reprinted in /RE Trans. PGOMTT (see Rei. i by Yeung, 
Matthaci, and Jones) 


FIG. 12.07-2 COMPUTED AND MEASURED RESPONSE OF A STRIP-LINE BAND-STOP 
FILTER WITH Ao/4 SPACINGS BETWEEN RESONATORS 


740 


“ 


a 


rs FI LT YS SL, Se a pert a ache py Bie Bes by OE? SERS 
i 4 EOL, HVE nee eet " 
: a Cy es et wh Ble Bk as oe ae 


Vf the design method described in See, 12.09 is used, selectivity of 

the coupling lines can be taken into account in the design process so 
that the pass-band ripples should be very nearly as prescribed. A pos- 
sible drawback of the procedure in Sec. 12.09 is that it necessarily 
calls for steps in the impedance level of the main transmission line. 
However, in the case of a strip-line filter, this should cause hittle 
difficulty. If this same filter design were to be obtained hy the 
methods of Sec. 12.09, the main-liné impedances and the resonator slope 
parameters would be obtained by the equations of that section. From that 


point on, the design procedure would be the same as described above. 


The peak attenuation of the three-resonator filter was Loe great to 
measure, but the peak attenuation of each branch separately was measured, 
This gave 32 db for each of the two outer: branches, and 28 db far the 
middle branch alone. Working back from thendatacnn fig. L2.03-2, this 
leads to unloaded Q values of 1000... The theoretical unloaded Q of such 
a pure all-copper laine at this frequency is 2600. In this case the striy 
conductors of the resonators were made of polished copper and the ground 
planes were aluminum Other lesses were presumably introduced by the 
current concentrations caused by fringing fields at the gap, and by the 
short-circuit clamps. The value of Q, = 1000 val eo ouusiis Menl swath exper t= 
mental results generally obtained. The peak acodnwaeion Of) a Wet ny ee 
branches together should by the first formula of Fig. 12.03-2 reach a 
value of 104 db, which, however, was beyond the measurement range of the 
available test equipment. There are, of course, additional stop bands 
at frequencies where the stubs are roughly an odd multiple of Aj/4 iong 

According to the fermula for the dissipation less AL ay Pie Ose 
the dissipation loss should We shout 0.74 ab at the equal-ripple band 
edges @, and w,. The measurements indicated dissipation loss of roughly 


that size at the pass-band edges. 


The bandwidth of the stop band to the 0.5-db points, both measured 


and computed, 1s very nearby 35.0 percent, Mickdeomrneonl: thecal Lenwas 
=| ie i 
tion over a 2-percent band EUS eh ky EY CO MIPREU TEE OStn tS Compare the 


20-dh design specification, and the 25.8 db predicted for a three-braach 
filter.) The measured points in the stop band Fall cose to he computer 
curve, as can be seen from Fig. FO O7se | Koh drcdienc? cs aia ene Sy 
from the stop-band edges into the pass bands, the dissipation loss wil 


drop guite rapidly. 
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SEC. 12.08, NARROW-STOP-BAND WAVEGUIDE FILTER DESIGN 
CONSIDERATIONS, AND AN EXAMPLE 


A waveguide band-stop filter is most conveniently realized using 
resonators connected in series and spaced an odd multiple of a quarter 
wavelength apart along the waveguide. The equivalent circuit of such 
a filter is as shown in Fig. 12.04-2, while Fig. 12.01-1(b) shows a 
sketch of a waveguide cealization of such a filter. It is seen that 
the resonators in Fig. 12.01-1(b) are spaced at intervals of three- 
quarters of a guide wavelength. It is beircved that placing the reso- 
nators at one-quarter guide-wavelength intervals is not practical, 
because strong interaction results between the resonators hy way of the 
fields about the coupling apertures. This interaction in an experimental 
band-stop filter, with quarter-guide-wavelength-spaced resonators, caused 
the stop-band response to have three peaks of high attenuation, with 
relatively low attenuation valleys in between, instead of the single 


high attenuation peak that is desired. 


The appropriate normalized frequency variable to use with dispersive 
lines, as in a waveguide filter, is the normalized reciprocal guide wave- - 
length, Ayolr,: Thus, a waveguide filter and a strip-line filter, each 
designed from the same low-pass prototype, can have identical responses 
if the waveguide filter response 1s plotted on a Ma , scale and the 
strip-line filter response on a w/w, scale. On this basis, the formula, 


which for the strip-line filter was 


Reon ey Ws wW, 
w= aS > ——_~— (TEM smode ) (12.08-1) 
9 CNA? ee 
where Wee ys and W, are as defined in Fig. 12.02-2, is now replaced foi 
a waveguide filter by 
Ato Are 
Ge ed extra ra wt (waveguide) (12.08-2) 
AWE mn 
Be gt 
where Aso Now and Noa are analogously defined as the guide wavelengths 


at mid-stop-band, and at the lower and upper edges of the stop band, on 
a reciprocal guide-wavelength scale. If both responses are plotted on a 


frequency scale, however, the response of the waveguide filter derived 
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from the same prototype will be considerably uwarrower. For small stop- 
band bandwidths, the fractional width of the waveguide filter stop band 


on a frequency scale will be approximately (AQ/A )? Limes w,, which is 


: g9 
the fractional bandwidth on a reciprocal guide-wavelength scale given by 
Eq. (12.08-2). (A, as the free-space wavelength at the center of the 
stop band.) Thus in destgning for a frequency fracttenal bandwidth w, 
the bandwidth wy in the formutas ts set ta be equal to (A g/Ag)?w for 


the narrow bandwidths. considered here. 


In the waveguide falter each resonator formed trom a waveguide of 


characteristic admittance ) which has a length slightly less than 


be 
one-half guide wavelength, is connected to the main waveguide of char- 
acteristic admittance Yooby means of a small elongated coupling aiprais. 
Each coupling iris has a length, 2, which os less than one-half free- 
space wavelength, and can be represented to a good approximation as an 
inductance in series with the main waveguide. ‘fhe equivalent circuit 


of the resonator and coupling iris combination is shown in Fry. 12.05-1(d). 


The susceptance, B, of cach coupling iris can be determined approxa- 
mately in terms of the magnetic polarizability, 4°, of the iris. From 


Fig. 5.10-11 the expression is found to be 


RB A cab’ 
a LE a GV2208=3)) 
Yi tn) 

where a@ and 6! are as defined in Fig. T2.01-9CL). for wrises ent in 


walls of infinitesimal thickness, ¢, having a Tength | which is much 
Jess than one-half free-space wavelength, the magnetic polarazability 
My ev, is given an Pig. 5.10-4(a). In the wsaal situation when ¢ is 
not infinitesimal and ~ ts not much fess thaw one-half free-space wave- 


‘ inte ; 
length, one must use the magnetic polarizability WW. which 1s related 


to My by the approximate empirical relation 


where A, is again the free-space wavelength at ceater trequency 
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corresponding to w = Wo» p = Po. and a = Noe The resonant condition 


for each resonator becomes 


Y,ab’ 
Y, tan 2 5 = rer ie (12.08-5) 
where 
2uL n | 
a Sey ia: | (12. 08-6) 


and Lis the length of the resonator. 


The susceptance slope parameter, 6, for each resonator as vicwed 


from the main transmission line becomes 


Y, 
$i 8 = Gg, oz YF (p) (12.08-7) 


where F(y) is defined an kg. (12.05-5) and Gp) is defined in Eq. (12.05-7 


and MY has been assumed to be frequency invariant. 


Frumple of a haveguide Filter Des ign—As an example of the use of 
the above technique, we consider here the design of a 3-resonator wave- 
guide band-stop filter using the same low-pass prototype circuit used for 
the strip-line filter described in Sec. 12.07. The (7) tepeieeme design 


center frequency Jy 7 10 Ge and the resonators, and main Cransmission fine 


are fabricated from WH-GO waveguide. The fractional bandwidth of the 
strip-line filter was w = 0.05 on a frequency basis [Eq. (12.08-1)]. 
Here, we use wy, = 9.05. on a reciprocal guide-wavelength basis 

{Ky. (12.08-2)]. ‘The susceptance slope parameters for the two end pesos 


haters aud the middle resonator can be determined from Fig. 12.04-2¢4) 


with Us e es They are, respectively, 
6, 1 6, 
= oP EE Sac e Bo eS ee ash 
Us 1K yb Wy Ler 
(12.08-8) 
b, 59 
ARE ae eae BU, Bae 
ry “18 YQ 
744 


which correspond exactly to those previously computed for the strip-line 
filter The stub characteristic admittances Y, were chosen to be equal 


to Y). Therefore, 


ECP, ,) = G(b 4) = fa = 25.056 


iY) 
C12 208-9) 
26, 
Gy.) = —c— = (36.464 
He 
Referring to Table 12.05-1, we find 
Pe ae eg hao wien yh oF ate 
Li 08219) 
Vim h OU 13 163.0° 
At a frequeney of 10 Ge, Avo ia WH-90 wavegaide is 1.5631 inches. 
Therefore the lengths L, = 4, of the two end resecnators and length L, 
of the middle resonator are 
Eyes (ger in 02) inch 
etree 035 i 
L, = (0, WU) inch 
The magnetic polarizability, (My) = (Mi) , ol the irises in the end 


cavities, and the magnetic polarizability, iM) owe thre Vris) 11 tive 


middle cavity can be determined from Eq. (12.08-5) to be 


alee) Ss Ute inch? 


12 GS tee 


~~ 
to 


0. 0%37 iach? 


W 


(Mi ) : 


it was decided to use elongated irises with round ends, «s for the secone 


curve from the top in Fig. 5.10-4¢(a). The iris sizes were determined by 
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first fixing the iris widths’ as w, = wy = wy, = 0.125 inch, and then co 
puting successive approximations using Fig. 5.10-4(a) and Eq. (12.08-4) 
Since it was planned that the iris sizes would be checked experimental] 
as discussed in Sec. 12.06, the iris thickness t in Eq. (12.08-4) was 
assumed! Colbeuzere (which should cause the irises to come out slightly 
undersize). A suggested way for making these calculations is to eanver 


Ey. (12.08-4) to the form 
2 {V.36¢ ay 
2 rand eG 
(M.) Se OR AUS res Ed eA of | (12. 08-%e 


Then using Fig. 5.10-4(a) and the desired polarizabilities (M\) , pre- 
h 


liminary values of the iris lengths I, are obtained. Inserting these 


& 
preliminary values of i, in Eq. (12.08-13), compensated values (4) 
the polarizabilities are obtained which are then used with Fig. 5.10-4( 
‘to obtain compensated values for the iris lengths l,. If desired, this 
procedure can be repeated in order to converge to vreater mathematical 
accuracy; however, since Eq. (12.08-13) is in itself a vather rough ap- 
proximation, the value of very high mathematical accuracy is rather 


doubt ful. 


By the above procedure, initial iris dimensions of ny (De 0.430 in 
= = = L998 ‘ 

: : wy w, 0.325 inch 

were obtained. After tests made by measuring the 3-db bandwidth of 


and 1, = 0.415 inch for the iris lengths with w 


Resonators | and 2 separately (by the methods discussed in Sec. 12.06), 
final values of 1, = 1, = 0.481 inch and 1, = 0.458 inch for the iris 
Tengtice were obtained. The first version of this filter had A /4 
spacings hetween resonators, but this was found to be unsatisfactory 
.due to interaction between the fringing fields around the irises of the 
various resonators (which resulted in considerable disruption of the 
stop-band performance). Thus a second version was constructed with 

3A Q/ 4 spacings between resonators, and Fig. 12,.08-1] shows the dimension: 


of thas falter, 


The slot width » (eign 5.10-4(a)] as tepresented by the sane symbol as the fractional band- 
width. This i# the usual notation for both quantatses. Since the slot calculstion ia only 
incidentaj in this context, it was felt to be Jess confusing to retain the w for slot width, 
than to change at. 
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X- BAND WAVE GUIDE FLANGE, TYPE. UG-39/U 


SECTION B-8' 


PRECISION X-BAND WAVEGUIDE Sa 


&-3527- S16 


SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398, SRI: 
reprinted in RE Trans. PGMTT (see Ref. 1 by Young, 
Matthaei, and Jones) : 


FIG. 12.08-} DIMENSIONS OF A WAVEGUIDE BAND-STOP FILTER 


The filter was tuned ising the technique discussed in See. 12.06. 
Figure 12.08-2 shows points from the resulting measured response of the 
filter as compared with the theoretical response of this falter desi 

¢ 


as determined using a digital computer. As can be seen from the fistur 


the ugreement is excedlent. 


Though the measured performance of this filter is in very good 
agreement with its computed performance, it will be noted from Fig. $2.8 
that the computed performance indicates pass-band ripples of about 4.2 4! 
instead of 0.5 db as was called for by the lumped-element prototype. 
These oversize ripples have been found to be due to the frequency SCHSi 
tivity of the lines between resonators. Tf the 34.4 coupling lines 


between resonators were replaced by ideal impedanee raverters che 
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Tchebyscheff ripples would be exactly 0.5 db. Computer calculations 

show that if A,/4 coupling lines are used, the ripples should peak at 
approximately 0.7 db. In Fig. 12.08-2 the 1.2-db ripple peaks are du 
to the still greater selectivity of the 3A,/4 coupling lines used 

in this design. Use of the design procedure discussed in Sec. 12.09 

would make it possible to take into account the selectivity of the co 
pling lines so that the ripples should come out very closely as pre- 


.% 2 a od fe 5 G 
scribed. However, the price that must be paid for this is that the 


& 
e) 


COMPUTED ATTENUATION 


2 e © eMEASURED ATTENUATION 

| e 2 ¢PASS-BAND REFLECTION LOSS 
Bog COMPUTED FROM MEASURED VSWR 
fake 

q 

2 

2 

Ww 

ie 

a0 


Geo 084 068 0392 096 100.—« 104 108 Hi2 116 
x 
NORMALIZED RECIPROCAL GUIDE - WAVELENGTH a 
9 


90 92 34 96 38 100 102 104 05 


FREQUENCY — Gc 


ap ert} 


SOURCE: Quarterly Report 3, Contract DA 36-039 SC-37398, SAI; 
ceprinted in JRE Trans. POMTT (sec Nef. 1 by Young, 
Matthaei, and Jones) 


FIG. 12.08-2 COMPUTED AND MEASURED RESPONSE OF THE WAVEGUIDS 
BAND-STOP FILTER IN FIG. 12.08-1 


The design procedure described in Sec. 12.09 183 exact if the falter is realized using onl 


tranamission lines and stubs, However, in the case of narrow-stop-band filters the stub 
impedances become uaressonsble su that it is neceasary te replace them with reactaively co 
reaonetora,. This substitution, of course, introduces ean approximation. 


TA8 


Sew 


ae ree amen eee 
= es 


procedure in Sec. 12.09 necessarily requires that there be steps in 
impedance along the main Vincubtathetslber. bhi s ei pemoduee ssn 
added complication for manufacturing, but the difficulties introduced 
should not be great. — Once the main line impedances and the resonator 
slope parameters are determined from the datas sm ees) 12.09, the desiga 


process is the same as that described above. 


SEC. 12.09, A DESIGN PROCEDURE WHICH IS ACCURATE FOR 
FILTERS WITH WIDE (AND NARROW) STOP-BAND WIDTHS* 
In this seetvon an exact design procedure will be discussed which 
is useful for the design of band-stop (decors wr thietier wide Sore nAt Ey 
stop hands. The design equations given apply to filters with A,/4 stubs 


separated by connecting lines which are either A ,/4 or oN Gi long, where 


x» is the wavelength at the mid-stop-band frequency. An example of this 
type of filter 1s SHOWN Reh kero foe il theory this type of filter 


can have any stop-band width; however, in practice the impedance of the 
stubs becomes unreasonable if the stop-band width is very narrow. IP 
that case it would be desirable to neplace tire open-eireuited stuh reso- 
Autores  ghethe diltes in Fig. 12.01-2 with capacitively coupled short- 
circuited stub resonators {as shown in Fig. 12.01-1(a)] having the same 
resonator slope parameters. This aountroduces some approximatron into 
the design, but permits practical impedances. As has been mentioned 
previously, the main difference between a practical narrow- stop-band 
filter design obtained by the methods of this sectson and one obtained 
by the methods ef Sec. 12.04 1s that the method of this section calls 
for steps in transmission line, white usually none are necessary by the 
method of Sec. 12.04. However, the method of this Kection wall gaye 
higher design accuracy even for narrow-stop-band cases where the ap- 


proximation mentioned wbove has been introduced. 


ct 
ic 
= 
v 
[e) 
~, 
cr 
C 


The methods, of this section permit exact design of f°! 


form in Fig. 12.09-1(a) or their duals (whieh CONS AS On Agi short- 


circuited stubs in series with A o/ + connecting lines). Filters of these 
types waich have been designed by the “ethods Of ees see Chon fave attentuatro 


characteristics which wre related to the attenuation Aa taot or suLesinot 


» 


low-pass prototype filters of the form in Pa gat PCOS SE ty the mapping 


a eee Pu 


The equations in this section and the examples an See. 12.10 were worked out by BOM. Schaitman 


3 Aaa ; 5 
tic can be shown that other methods of aaaiyas? can lend Co crrcusts of the form rn Fig. 2.09-i(a) whack 
have attcnuation characteristics that are not mappings of, the attenvatron characteristics of low-pass pFo- 
totypes of the form in Figs. 12.02-1(a), (b). 
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ALL STUBS AND CONNECTING LINES ARE Xo/4 LONG 


(a) 


ATTENUATION (L,) 


Wy" V2 lw, + uy) o* cot (ww, /2wWo) 
Ay *2mv/y : eee) 
v* VELOCITY OF LIGHT IN MEDIUM “0 
{b) 


98-3327 -se3 


DiG. +2.09-1 BANDSTOP FILTER: (a) n-STUB TRANSMISSION-LINE FILTER 
DERIVED FROM n-EL EMENT tL OW-PASS PROTOTYPE; (b) EQUI- 
RIPPLE CHARACTERISTIC DEFINING CENTER FREQUENCY 1 
PARAMETER a, AND STOP BAND FRACTIONAL BANDWIDTH w 


A F 7 (ve ; 
ae = @M, a lay oy fa (12. 0928 
1 y Ge 
a 0 
where 
vad 
VW t 
a 2 co (2 | (12.09-2) 
2 re 
Qa 
wy F a é 
: = = 9 Om 
ey 5 (12. 09-3) 


oO anne wy are frequency Points in the bow- pass falter response [such as 
#51000 ate) Favre 12 0) Md)J, and w, 9, Wy, and @, are frequency points in 
the corresponding band-stop response in Fig. [2 09S Cine Note that che 


hand-stop filter response ain Fig. 12.09 bb) has arithmetic symmetry, 
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and that the infinite attenuation point at w®,y 1S repeated at frequencies 
which are odd multiples of wg. At these frequencies the stubs in the 
filter in Fig. 12.09-1(a) are an odd multiple of Ag/4 long, so that they 
Short out the main tine and cause infinite attenuation (theoretically). 
In the dual case which uses series-counected stubs, the stubs present 
“open-circuits to the main line at these frequencies. Using the methods 
of this section, if the low-pass prototype has, say, a Tchebyscheff re- 
Sponse with O.1-db ripple, then the band-stop ‘filter response should have 
exactly 0.1-db Tchebyscheff ripple, with the entire response CxaG Cv aals 
predicted by the mapping Eqs. (32.09-1) cto (12.09-3). (This statement, 
of course, ignores problems such as Junction effects which occur in the 


practical construction of the filter.) 


Table 12.09-] presents design equations for filters of the form ia 
Fivg. 12.09-I(a}. After the designer has sejected a low-pass prototype 
filter (which gives him the PESPMOCEPSE RG? Kys oe ee pe and Gig de and 
has specified 1, @), and the source impedance Ly he can then compute 
aot thes line impedances, Table 12,09-1, treats filters ol the form in’ 
Pig. 12.09-1(a) Navies m= Loup town ps. 5. stuart iiies. sane equations also 
apply to the dual cases having short-cirenited series stubs if af] of the 
Impedances in the equatious are replaced by corresponding admittances. 
However, thescuse for which series atnhs are of the most practical interest 
Pom Che use of waveyuide band-stop filters, and as was noted in Sec. 12,08, 


it wall usually be desirable to use 3Ay/t spacings between stubs for wave 


guide band-stop tilters. Figure }2.09-2(a) shows a band-stop Pal leet 
with BAG /E spacings betwe a Ag+, short-circuited, series stubs, while 
Fige t2.,09-2 Ch) shows, Clas dimads toa se having Ao /4, open-circnited, shent 
stubs. Yable 12.09-2 presents design equations for filters of the form 
in Fig. 12.09-2¢a) lavingon = Domine] 2 stulet 

As has previously been mentioned, the epations im Tables 12.09.) 
ond: 1209 Jearevexact regardless. of the wtopebhand width. towever, ip the 


case of Table. 12.09-1 and filuer structures of the form oh | Giaienigmaie 3 seen ALR ate be 
the impedances A of the shunt stubs become sc high as to he impractical 

in the case of narrow-stop-band des jgns. This difficulty can be gotten 
around by replacing each open-cireuited shunt stub. which has a resonator 


reactance slope parameter of 


Table 12.09- 3 


EXACT EQUATIONS FOR BAND- STOP FILTERS 
WITH r/4 SPACING BETWEEN STUBS 


The filter Structure is as shown in Fig. 12.09-1(a), For the dual case 

having short-circuited series stubs, replace all impedances in the equa- 

tions below by corresponding admittances. ; : 
n = number of stubs 


Z, and an = terminating impedances 


zy (J =l ton) = impedances of open-cireuited shunt stubs 


anal ~ (2 ten) = connecting line impedances 
ri | ‘ G 
8 = values of the elenents of the low-pass prototype 
J network as defined in Fig. 12.02-1. 
“UN 3S ain 
’ ’ 
where 
m= e 3 
#), = low-pass prototype cutoff frequency 
» and 

a = bandwidth paraneter defined in Fq. (12.09-2) 


(In all cases the iefe terminating impedance 2, is arbitrary). 
Case of n 21; 


Ao Fee 


Zz re 
B 
A go8, Bo 


Case of n = 2: 


1 
Z = 72 i) Gees Ws , =S i se AN 
A ’ 12 ‘a & 98) 
1 ( na ( Q ) 
28 
A°O = 
28% cA en Zy ~ 418065 
82 


Case, of n = 3: 


Z,. 219 and Z,—same formulas as case a = 2 


Table 12.09-1 cencluded 


i 89 ; 
Zz = @Z —— eR ae & G4 
2 A 2 23 
( + Ne o6, Ag Q + Neoe,) ) 


Zz 
= A ; 
2; wy A d 23, 
8081 
Z, 
‘a aaihie sored a i “3 
8085 Ng yg 
Case of n=5 
Z\. Zi 25, 254: 2, — same formulas as case n = 4 
EI Bo fatete ri at fe ght a 
a i + Age, Ne, * 6485) 
Zé 
SA 1 
Z. - g zat A * “45 
0 NB 6B. 
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No Sa 22 Ag, z 
Z, S| 
1¢ Ngoky 


(Yiz)2 (Yie)s 


ae Ye 
——__-—_6—______ 4. —_._ _5 —_____. 9 _.__-__» —_. 


(a) 


zy 


tb) 


Hw 3527 569 


FIG. 12.09-2. BAND-STOP FILTERS WITH 3 A 9/4 SPACING BETWEEN Ag:’4 STUBS 


[see Fig. 5.08-1(d)], by o capacitively coupled short-cireuited stub 


resonator as shown in Fig. 12.05-1(a), having the same resonator slope 


parameter, Then the design process becomes the same as that in the ex- 
ample of See. 32.07. The filter might take the Strip-line forme 


Fig. 12.07-1, exeept that in this case the main line of the filtern woul 
have some steps in ats dimensions since the connecting line impedances 
Z 4, are generally somewhat different from the terminating impedances. 
J.J : 

The computed performance of a filter design of this type obtained using 


the equations of this section 1s discussed in Sec. 12.10. 


As previously mentioned, the case in Fig. 12.09-2(a) is of interest 
primarily for waveguide band-stop filters. Since the useful bandwidth of 
waveguides is itself rather limited, it is probable that band-stop filters 
with narrow stop-bands will be of most interest for the waveguide case. 
For narrow-stop-band designs the series-stub admittances Y will become so 


large as to make them difficult to construct (and especially difficult to 
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Table 12.09-2 


EXACT EQUATIONS FOR BAND-STOP FILTERS WITH 3A 9/4 SPACING 
, BETWEEN STUBS ORK RESONATOR IRISES 


The filter stracture is of the form in Fig. 12.09-2(a). For 
the dual case in Fig. 12.09-2(b), replace al} admittances in 
the equations below with corresponding impedances. 


n © number of stubs 
ye Y; = terminating admitlaaces 
Y () = 1 to vn) 2 admittances of short-circuited 
y] J ° 
secies gtubs 


= admittance of kth (k 2 1, 2 or 3) con- 
necting bine from the left, between stubs 
y 7 l-and j 


Gh ) 


y= & 


g 7 values of the clements of the low-pass prototype 
network as defined in Frg. 12.02-1 


A= wa where wy = bow-pass cutoff frequency and 
a@ = bandwidth parameter defined in Ey. (12. 09-2) 


(In all cases the left: terminating impedance 1s arbitrary) 


Case of n = 2: 


in ( aoe) ; Otay or mance ona) 


_ Bo ; \ \ 
¥, = Fy Cle Ngee) (Kyodo = Yyeona (7 
Ngo 


CY euiy —- ot 
Nee A\) « sine 
\ i 2 Ne 98 i / 
9 
Ney eit Cire RD Se BYCAG hate Nr en) 
2 WT Age 12°3 A oF 
Be 
(Yo), . age CUT NB eg 
Ko H ND i be er 
ae -——(3 + ~-—- (hae eee 
Y; Y, by ( a 2302 sg \1b+ SXeae 
se (Y,.) y Ty eae INR aR g 
Y, = Y¥,— ; SMP diese oe 
B 4k, a3t8 4 ge, \l! Nee, / 


construct with good untoaded Q's), Now the series stubs have a resonator 


susceptance slope parameter of 
§ = —Y ; (1209-5) 


and for narrow-stop band cases it is Convenient to realize these resonator 


slope parameters using inductively coupled Aj/2 short-circuited stub 


resonators of the form in Fig. 12.05 (d). From this pornt on, the design 
process: is the same as that in the example in Sec. 12.08. The completed 


filter might look like that in Fig. 12.08-T except that the design 
equations of this seetion call fur steps an the impedance along the main 


waveguide of the filter. 


berivation of the Design Equations in this Sectton—FExact methods fer: 
transmission-line filter design such as the methods of Ozehi and Ishii? 
and of Jones* have existed for some time However, though these methods 
are mathematically clegant, they are computationally so tedrous that they 
have found bittle application in actual practice. The case deseribed 
herein bs an exception in that at is an exact method of design, yet 4s 
’ 


also .er, simple to use for the design of practical filters. The funda- 


mental principle of this design method was first suggested by Ozaki and 
Ishii while the desiga equations in this section were worked out by 
Bo M. Schiffiman.® 


ah . . 5 = ° = Be 
Ihe design proeedure of this section hinges on Kureda’s identity. 3 


This identity in transmission-line form is as shown in Fas. 12 EG9Ras 

Note that this identity says that a circuit consisting of an open ¢ ircuited 
shunt stub and a connecting line, which are both of the same length, has 
an exact equivalent circuit consisting of a short-carcurted series stub 


with a connecting line at the opposite side. 


Figure 12.09-4 traces out the way in which huroda’s identity 1s used 
to relate a band-stop filter of the type in Fig. 12.09-1(a) to «a low-pass 
prototype filter, Figure 12.09-4(a) shows a low-pass prototype filter for 
the case of a = 3 reactive elements. Applying the mapping Eq. (12 09-1) 


to the shunt susceptances aad series reactances of this tilter gives 


o Pee) 
tye :. ye ; pie ices : 
a) 2 = Cywya tan G ) (12.09-6) 
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FIG. 12.09-3 KURODA’'S IDENTITY IN TRANSMISSION LINE FORM 
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FIG. 12.09-4 STAGES IN THE TRANSFORMATION OF A LOW-PASS PROTOTYPE 
FILTER INTO A BAND-STOP TRANSMISSION-LINE FILTER 
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ra 


¥ 


oye etd ' Ue Be 
wih’ = Ea witen (57) 2 (12.09-7) 


Note that the right side of Eq. (12.09-6) corresponds to the susceptance 
of an open-circuited stub having a characteristic admittance 

Y = Crwia (12.09-8) 
the stub being Ao/4 long at Wy. Similarly, the right side of Eq. (12.09-7} 
corresponds to the reactance of a short-circuited stub of characteristic 
impedance 


We Ns Vel catia | (12.09-9) 


the stub being Ag/4 long at frequency @9. Thus, the shupt capacitors in 
the low-pass prototype become open-circuited shunt stubs in the mapped 
filter, while the series inductance in the prototype becomes a short- 


circuited series stub in the mapped filter. 


Note that in the mapped filter in Fig. 12.09-4(b), the terminations 
seen by the reactive part of the filter are still R, onthe Left and hk, on the 
right. However, on the right, two additional line sections of impedance 
Zo» = “Las = Ry have been added. Since their characteristic impedance 
matches that. of the termination, they have no effect on the attenuation 
characteristic of the circuit, their only effect on the response being 
to give some added phase shift. The circuit in Fig. 12.09-4(b) then hes 
a response which is the desired exact mapping of the low-pass prototype 
response. The only trouble with the filter in Fig. }2.09-4(b) is that it 
contains a series stub which is difficult to construct in a shielded 


TEM-mode microwave structure. 


The series Seu in Fig. 12.09-4(b) can be eliminated by application 
of huroda’s identity (Fig. 12.09-3).  Anplying Kuroda’s identity to stub 
Wy snd Mine? 775 rn Fre? "1250994 (b) “gives “che *ciredretin Pipe %2_05-4(2) 
Then applying Kuroda’s identity simultaneously to stub oy ands line Z, 
and to stub Z) and line Z,, in Fig. 12.09-4(¢) gives the cireuit ih 
Fig. 12.09-4(d). Note that the circuit in Fig. 12.09-4(d) has «xa tly 
the same input impedance and over-all teansmission properties as the 
circuit in Fig, 12.09-4(b), while the circuit-in Fiy. 12.09-4(d) has neo 


series stubs. 
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The equations in Tables 12.09-1 and 12.09-2 were derived by use of 
repeated applications of ‘the procedures described above. For reasons of 
convenience, the equations in the tables use a somewhat different notation 
than does the example in Fig. 12.09-4; however, the principles used are 
the same. The equations in the tables in this section also provide for a. 


shift in impedance level from that of the low-pass prototype. 


SEC. 12.10, SOME EXAMPLES ILLUSTRATING THE PERFORMANCE 
OBTAINABLE USING THE EQUATIONS IN SEC. 12.09 


In this section both a wide-stop-band filter example and a narrow- 
stop-band filter example will be discussed, both being designed by the 
methods of Sec. 12.09. In the case of the narrow-stop-band design, the 
high-impedance shunt stubs will be replaced by capacitively coupled stubs 


of moderate impedance, as was discussed in the preceding section. 
6 


A Wide-Stop-Band Example-Let us assume that a design is desired 


having 0.1-db pass-band Tcehebyscheff ripple with the band edges at 


f, = 1.12 Ge and f, = 2.08 Ge. This puts the stop-band center at 
je NG hay is foe) ee 1.60 Ge. Let us further suppose that at least 30-db 
attenuation is required at the frequencies f = 1.600 t 0.115 Ge. Now 


wd /ary = f/f = 1-12/1.60 = 0.70; while at the lower 30-db point, 
Dons hi Signs (1/600-0.115)/1.500 = 0.9283. Ry Eq. (12.6922), a = s0e os 
and by Eq. (12.09-1), the low-pass prototype should have at least 30-db 


attenuation for w’ fw, = 4.5. By Fig. 4.03-5 we find that an n = 3 proto- 


type will have 34.5-db attenuation for w! [wos = 4.5, while an na = 2 design 


will have only 15.5-db attenuation. Hence, an nr = 3 design must be used. 


From Table 4.05-2(a) the low-pass prototype parameters gy, = 1, 
Sry 1.0315, @,.% DUAT A 6 apc leC) iee Bo ee 1.0000, and wy = 1 were ob- 


tained. Using Table 12.09-1 with 4 = 50 ohms, the line impedances were 


then computed to be Z, = 2, = 145.1 ohms, i = 76-3 ohms, Zo0=mGoms 


3 m2 92:3 2 
ohms, and Z, = 50 ohms. The filter was constructed in strip-line form, 
and its dimensions are shown in Fig. 12.10-1. Note that the 2, = 85.5-ohm 
stub has been realized as two 176-ohm stubs in parallel. This was done so 


that narrower stubs could be used which should have less junction effect. * 


¢ 
As this matecial is going to press some evidence has been obtained on another filter structure, which indi- 
cates that at least under some circumstances it may be unwise to replace a single stub by double stubs in 
parallel. Some experimental results suggest that there may be interaction between the two stubs in 
parallel so that regardless of their tuning they will always give two separste resonences where they are 
both cxpected to resonate st the same s1requency. Also; between the two resonances the attenuation of the 
pair of stubs may drop very low. his possible behavior of double stubs needs further study, and 13 
wentioned here to alert the reader of what could be a pitfall.” 
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FIG. 12.10-1 A STRIP-LINE, WIDE-STOP-BAND FILTER 


The stubs in this case are realized using round wire Supported by Polyfoam. 
fhe dimensions of the round wires were determined by use of the approximate 


formula 


4b 
Ra See mame nie abe tie be 


where d@ is the rod diameter, 6 is the ground plane spucing, ©, 1s the 


relative dielectric constant, and Z is the desired line impedauce. 


Figure 12.10-2 shows the measured and computed performance of the 
filter in Fig. 12.10-1. Note that the computed performance is in perfect 
agreement with the specifications, as it should be. The measured per- 
formance of the filter is aiso in eaceltent agresment with the specitica- 
tions, except that the filter is tuned slightly high. This could have 


been corrected by the addition of tuning screws. 


A Narrow-Stop-Band Filter Example—Figure 12.10-3(a) shows another 
3-stub band-stop filter design worked out using Table 12.09-1 and the same 
low-pass prototype as was used for the design deseribed above. However, 


in this case the pass-band edges were defined so as to give a stop=band 
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FIG. 12.10-3 NARROW-STOP-BAND FILTERS 
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fractional bandwidth of w = 0.05 as measured to the equal-ripple pass- 


band edges. As can be seen from the figure, in this case the line 


impedances Ziq * 4y3 are very nearly the same as the terminating imped- 
ances, however, the stub impedances are in excess of 1,000 ohms. To 


eliminate these impractical stub impedances, the open-circuited stub 
resonators were replaced by capacitively coupled short-circuited stub 
resonators as described in Sec. 12.09. ‘The stub impedances were arbi- 
trarily set at 151.5 ohms, but probably a lower impedance would have 
been a better choice from the standpoint of obtaining maximum resonator 
unloaded Q's. Figure 12,10-3(b) shows the design using Capucitively 


coupled resonators. 


Figure 12.10-4 shows the computed responses of these two designs. 
Note that the exact design [in Fig. 12.10-3(a))] has the desired 0.}-db 
pass-band ripple as specified. Though the approximate design with 
capacitively coupled stubs deviates a little from the specifications, 
it comes very close to the response over the fréquency range shown. 
Mowever, as can be seen from Fig. 12.10-5. which shows the same responses 
with enlarged scale over a larger frequency range, at higher frequencies 
the response of the approximate design deviates a good deal from that of 
the exact design. ‘This is due to the variation of the coupling suscep- 
tances with frequency. Though either the method of See. 12.04 or the 
method of Sec. 12.09 will involve some error, narrow band designs worked 
our by starting with the equations in Sec. 12.09 can be expected to give 


more accurate results. 
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CHAPTER 13 


TEM-MODE, COUPLED- TRANSMY SSTON-LENE DIRECTIONAL COUPLERS, 
AND BRANCH- LINE PRES ONAL OQUUPLERS 


SECe- 13804; INTRQDUCTION 


Though there are many possible kinds of directional couplers, the 
discussion in this book will be confined to only two types. They are 
TEM-mode couplers consisting of parallel, coupled transmission tines 
(Secs. 13.01 to 13.08), and branch-line couplers which may be of either 
TEM-mode or waveguide form?) See: 13.09 to 13,14). TEM-mode 
coupled-transmission-line couplers are included because they relate 
very closely to some of the directional filters discussed in Chapter 14, 
they are a very widely used form of coupler, and they are a type of 
coupler of which the authors have special knowledge. The branch-line 
couplers are included because, as is discussed in Chopter 15, they are 
useful as part of high-power filter systems, and because thcy also are 
a form of coupler of which the authors happen to have special knowledge 
in connection with high-power filter work. -No effort will be made to 
treat the numerous other useful forms of couplers which appear at this 


time to be less closely related to the topics in this book. 


Figure 13,Q1-1 illustrates schematically a quarter-wavelength 

coupler and a three-quarter-wavelength coupler, together with their fre- 
quency responses. These couplers, like all coupiers analy ed in this 
chapter, have end-to-end symmetry. The coupled signal travels in the 
direction opposite to that of the input signal and therefore these couplers 
are often referred to as “backward couplers." The electrical length, ©, 
of each coupled section in the two coupleis is 90 degrees at midband, 
The variation of coupling with frequency in the single-seetion, quarter 
wavelength coupler is approximately sinusoidal. The coupling variation 
with frequency is much less in the 3-section coupler, which is formed by 
cuscading three, quarter-wavelength couplers. Tt can be made to be 
maximally-flat or cqual-ripple by adjusting the couplings of the three 
individual couplers. Even gréater bandwidths can be obtained by ca 


cading more than three couplers. 
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FIG. 13.01-i SKETCH SHOWING TYPICAL CONFIGURATIONS AND FREQUENCY 
j RESPONSES FOR TEM-MODE, COUPLED-TRANSMISSION-LINE 
DIRECTIONAL COUPLERS OF ONE AND THREE SECTIONS 


A variety of physical configurations for the coupled TEM lines can 
be used in these couplers, as is illustrated in Fig. 13.01-9. The con- 
figurations (a), (b) and (c) are most suitable for couplers having weak 
coupling such as 20 db, 30 db, etc. The configurations (dy) (Ce) oeeGiae 


(g) and (h) are most suitable for couplers having tight coupling such as 


3 db. Intermediate values of coupling can usually most easily be obtained 


with configurations (d), (e), (fF), and (g), although configuration (a) is 


often useful. Configuration (e) hes a disadvantage in that the individual 


lines are unsymmetrically located with respect to the Kround planes; hence 
the connections at the ends tend to excite ground-plane modes. This can 
be prevented, however, if the Structure is closed in ¥e the sides so that 
only the desired TEM modes can Propagate (Configuration (1) ‘avoids this 


difficulty by making one of the lines double, while the other line inter- 


leaves the double line in order to give tight coupling. In this Manner © 


the structure is made to be electrically balanced with respect to the 
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ground planes, and ground-plane modes wil) not be excited. Configuration 
(h) uses conductors A and B of circular cross section, surrounded by a 
conductor C,. The electrical potential of Cis floating with respect to 
the potentials of the ground planes D and of conductors A and BR. The ad- 
dition of the floating shield C has the effect of greatly increasing the 


coupling between lines A and R. 


The actual configuration to use in a particular application depends 
on a number of factors. However, configuration (a) is most frequently 
used for weak coupling while configuration (e) is often used for tight 
coupling. Both of these configurations can be fabricated by printed- 
circuit techniques. Configuration (c), utilizing round conductors, is 
particularly good for weak-coupling, high-power applications. When con- 


figuration (e) is fabricated using thick Strips with rounded edges, it is 


WEAK COUPLING CONFIGURATIONS 
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FIG. 13.01-2 CROSS SECTIONS OF TYPICAL TEM-MODE, 
COUPLED-TRANSMISSION-LINES 
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suitable for strong-coupling, high-power applications. Reference to the 
detailed designs presented in Secs. 13.05 and 13.06 may also help the 
reader decide on the most appropriate configuration for his particular 


application. 


It is essential for the operation of these coupiers that the cross 
section be uniformly filled with air or some other low-loss dielectric 
material. Configurations (c) and (g) have enough rigidity so that they 
can be air-filled. With the other configurations 1t is usually necessary 


“to use a rigid, low-loss dielectric material for mechanical support. 


SEG. 13.02, DESIGN RELATIONS FOR TEM-MODE, COUPLED-TRANSMISSION-_— 
LINE DIRECTIONAL COUPLERS OF ONE SECTION 


TEM-mode coupled-transmission-line directional couplers theoretically 
are perfectly matched and have infinite directivity at all frequencies. 
When a wave of voltage amplitude EF is incident upon Port }] ef a quarter- 


wavelength coupler (Fig. 13.01-1), the voltage at Port 2 is given by 


Ey je sin @ 


— x ——Sa ee 


E VibcbcencostO t- 7 reine 


(13. 02:1 ae 


while the voltage at Port 4 1s given by 


a ie (13.02 2) 9 
E vi - c? cos 0 + j sin O ‘i 


where c is the coupling factor, which is the midband value of [E,/E|. 


Since the phases of E, and FE, are usually of little interest, 


Eqs. (13. 02-1) and (13.02-2).can be reduced to 


2 
FE c? sin? @ 
are al FT ee To ee (13.62=1a) 
Ey 1 - c? cos? @ 

and 

2 
FE, ee c? 
oat = —— (13.02-2a9 
E ‘Pee ae 
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For small values of c, Fq. (13.02-1) predicts that E,/E varies as sin @, 
For large values of c the coupling variation with frequency :3 as shown 
in Fig. 13.02-1. -The voltage at Port 3 is zero. (These resuits ore 
proved in Sec. 13.07.) 


The electrical length, 8, of the coupled lines is related to the 
physical length Il by means of the relation @ = 2ml/A, where A is the wave- 
length in the medium surrounding the coupled lines. The midband voltage 


coupling factor c is 


LORE Re ha) 


ee oe 
c ec 


Ze oe fat 


where Z), and Z,. are the even- and odd-mode impedances discussed below. 
In order that the coupler be perfectly matched to its terminating trans- 
mission line of characteristic impedance Z,, 1t 1s necessary that 


Zs ta ies te (13.02-4) 
0 oe of 


The even-mode impedance a is the characteristic impedance of a single 
coupled line to ground when equal currents are flowing in the two lines, 
while the odd-mode impedance Z,, is the characteristic impedance of a 
single line to ground when equal and opposite currents are flowing in the 


two lines. Values of Z, 


P and ran for a number of cross sections are 


presented in Sec. 5,05. 


Equations (13.02-3) and (13.02-4) can be rearranged to give the con- 


venient design relations 


Pye ; Reaijhee 
7 = Z CSO eS) 

o¢ ov -¢ 

and 
Ne Ke eee 

Z eer A — CIS. 02-5) 

oo 0 i + c 
The physical dimensions necessary to give the required even- and odd-imoce 


impedances Zoe and y Ani can then be obtained irom Sec. 5.05. 
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FIG. 13.02-1 COUPLING AS A FUNCTION OF FREQUENCY FOR 
TEM-MODE, COUPL ED-TRANSMISSION-LINE 
DIRECTIONAL COUPLERS OF ONE SECTION, 
HAVING TIGHT COUPLING 


ice 


pbCs. b3. 03), DEST GN RELATIONS FOR TEM-MODE, COUPLED-TRANSMISS ION- 
; LINE DIRECTIONAL COUPLERS OF THREE SECTIONS 


The analysis of TEM-mode couplers of more than one section soon leads 
to long and complicated expressions. The problem simplifies somewhat when 
one recognizes that the TEM-mode coupler is analytically similar to the 
quarter-wave transformer. ‘That is to say, the even and odd modes of 
operation are duals of each other (impedance in one corresponds to admit- 
tance in the other, and vice versa), and the mathematics of each mode then 
reduces to the analysis of cascaded trausmission-line sections, each of 
which is one-quarter wavelength long at center frequency. There is, how- 
ever, one major difference between the desi red performance of the SEM- 
mode coupler and that of the quarter-wave transformer of Chapier 6: Whereas 
the quarter-wave transformer is required to have low reflection in the 


“quarter-wave filter™* on which the TEM coupler is 


operating band, the 
based is required to have a sizeable specified and nearly constant reflec- 
tion coefficient across the band of operation. Thus the transducer toss 
finetiens are not the same, and the numerical data in Chapter 6 then do 
not apply to TEM-mode directional couplers. A new analysis has to ‘he 
undertaken for the quarter-wave filter prototype. Figure 13.03-1(a) shows 
a three-section coupler and Fig. 13.03-1(b) shows a quarter-wave- filter 


prototype from which it can be designed. 


The results of an analysis of a symmetrical three-section couple: 
(Fig. 13.03-1) will be given witheut proof in this ‘seetion. {ft will be 
Polewedern See. 13.04 with a first-order formula for a symmetrical coupler 
of any (odd) number of sections, and some particular solutions for five- 


section ceuplers. 


Since this type of coupler has matched resistive impedaneges at all of 
its ports, Vey ea? corresponds to the transducer loss ratio. For three 
c ‘ 3 : : ‘ yy TS nee 
section couplers it is given by a polynomial in cos? ¢ (compare with 


Sec. 6.02), 


cy 
a 
—~ 
~e 
aw 
o 
jes 
t 


== a? cos? O +, Seu (ts “OS 
r Ay t Ay cos* € A, COS at aA cos 


eee a ee 
& 

; 5 ere or 
The term “quarter-wave filter™ is antroduce:! to distinguish the resulling piysically symmeteace! 


structuces fron quarter-wave impedance transformers with a monotone sequence of steps, as a6 Chapter 
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FIG. 13.03-1 THREE-SECTION TEM-COUPLER AND 
QUARTER-WAVE FILTER PROTOTYPE 


where Ay. Ay. A,, and A, are functions of the end- and middle-section 


coupling factors c, and c,. The A’s are given by 


2 
2 = 
ye Ue (13,03-2) 
= Te rH) pe 
Aa, fae ieee a Leto (13.03-3) 
by lhie 2 
De els PS tigen = aE oo 2") (13.03-4) 
2 : ‘ 
A i= i) 13,03-5 
3 = +9 ise) ( ou =) 
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The coupling voltage FE, is then found (from 
to be’ related to FE and Ey by 
PN Beets 
— s 1 — —— " 
FE E 


Design Formulas--Since the three-section coupler shown 


is symmetrical, 


pedances, so that its physical dimensions can be determined 
. 


The even- and odd-mode impedances (Z,.) , (Aw; 
eal a 2 


related to the coupling factors c, and ¢, by 


n 


(tu sme: 


and 


Gt ee 


Design formulas for c, and c, will now he stated, and 


tion will be indicated afterwards. 


noted bye o& which is the value of |e, /FI at midband. The 


performance 1 


+ 


arameter which determines the shape of the coupling 
| D 
¢ 


quency, for instance whether it is to be maximally flat. or 
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‘te midband over-all coupling is de- 


s usually specified hy the midband coupling ¢, 
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in Fig. 13.0322 


cne has to determine two even-mode and two odd-mode im- 
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tu have a 


specified ripple. This parameter is here denoted by V; and is determined 
from Figs. 13.03-2 and 13.03-3 as will be explained below. ‘The design 


procedure for a three-section coupler (Fig. 13.03-1) is then as follows: 


1. Determine the midband coupling, Cy- For instance, for a three- | 
section 3-db coupler with 0.3-db ripple, 10 logy, (oe) = 3.3 db. 


2. ‘Then determine Vi oF from Fig. 13.03-2. For a maximally flat. 
coupler, V, = Vi yp. For an equal-ripple coupler, determine 
V, from Fig. 13.03-3. Use the 10-db curve for all couplers 
with coupling weaker than 10 db. 


If the ripple is specified (for instance, if the coupling is to 
lie between 2,7 and 3.3 db, the ripple is 0.3 db), then the lower 
curves in Fig. 13.03-3 are used. {[f the fractional bandwidth w 
is specified, the upper curves in Fig. 13.03-3 sre used. (The 
fractional bandwidth wis here defined, as usual, by | 


| fohee sa {2 ) | 
w = SSS sa eee ae a] be F 
f, (aes, , (13.03-10) 


where f, and f, are the band-edge frequencies of the equal-ripple 
pass band. Fither the ripple or the bandwidth may be speci fied, 
and they are related as shewn in Fig. 13.03-4.* 


3. Determine R from 


) +t Co 


(13 032019 
1 Cy 


where cy is the coupling factor. {The midband coupling in decibels 
is 10 seve Coa) db, } 


4. . Determine vy; from 


Vie Viv Ree ae (13.03-12) 


4, = Y, ; Zens Vir S (13. 03-13) 
6. Finally, determine c, and c, from 
PA | fe a : 
CT aa.) wie eae On ee og ee (13.03-14) 
Zitat ; Thnk 


* There ie wo slight inconsistency in these curves owing to a lack of more complete numerical data. The 
10-db curve refers to 10 db at center frequency; the 3-db curve refers to 3-db average over the band. 
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RIPPLE AS Vy IS INCREAS 


FIG. 13.03-3 FRACTIONAL BANDWIDTH ANO 
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The (Z).) and (Z,,) are then given by Eqs. (13.03-8) and (13.09-9) 
and the physical dimensions can be obtained from Sec. 5.05, as already 


pointed out. 


FRACTIONAL BANDWIDTH —— w 


RIPPLE — db : 29847 eo 


SOURCE: Proc. IEE (see Ref. 24 by L. Young) 


FIG: 13.03-4 FRACTIONAL BANDWIDTH AS A 
FUNCTION OF RIPPLE FOR 
THREE-SECTION TEM-MODE 
COUPLERS WITH 3-db, 10-d¢b, 
AND WEAK COUPLING FACTORS 


Quarter-Wave Filter Parameters--The parameters Vy. Vin Zag Los and 

R just introduced have meaning in terms of the quarter-wave filter proto- 
type circuit, which will be explained more fully in Sec. 13.08. The essence 
of this design concept is that the backward-coupled wave of the TEM-mode 
coiples (E, in Fig. 13.03-2) corresponds analytically to the reflected wave 
of the quarter-wave filter, as indicated in Fig. 13.03-1(a) and (b). One 
therefore has to synthesize only a two-port (instead of a four-port), 
making its reflected wave behave as one would want the coupling tebe: 

The V, are the step-VSWR’s, and the Z, are the normalized impedances 

[Fig. 13.03-1(b)) which are turned into the (eee and (Zn by means of 
| Eqs. (13.03-8) through (13.03-14). Fquation (ancseG) also simplifies to 


778 


Tee ee ee 


i? 


K 
Ppp kag ape 7 (13,03-15) 
; 1 
4 
1 
Lome hab ioaith 2 fy 
25 


The parameter R corresponds to the midband VSWR of the quarter-wave filter, 
and Cg 3s its midband reflection coefficient. Furthermore, at midband 1:ts 
section lengths are 9 = 17/2, and the reflected aud transmitted powers are 


then given by 


2 
oS etal Reta 
E oe j R fg (13.03-16) 
and 
: 2 
E i 1 AR ee ees 
aie Spi} ah ee ee ae 13.03-17) 
E A, be (R + 4)? 


Maximally Flat Coupling--fo obtain a maximally Flat response at 


G = 1/2, we may specify 
A aM) (13.03-18) 


in Eq. (13.03-1). Eliminating We leaves a quartic equation in Vie 


n 


ae  €P3.03-19) 


eh oz) \’ Rogier lues 9 i : 
(V7 tied act y — SAnnaoES. IV 4-4 es R + ns SHG ae vee 

i 2vR ae hin ay a 

} Viva / 4R 

The solution of this equation is graphed in Fig. 13.03-2 where VY. = ¥ 
is plotted against the midband coupling in decibels. Selecting baht Eps 
from Fig. 13.03-2 or Fq: (13.03-19) will give a maximally flat cespense, 
5 is not equal to zero. 
To obtain a flatter response with both 4, and A, equal to zero, the coupter 


(It turns out that when Ay. is thus made to vanish, A 


or filter cannot be symmetrical between ends. ) 
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When the midband coupling is maintained constant while V, is in 
creased above the curve in Fig. 13.03-2, the coupling-versus- frequen 
characteristic turns from-maximally flat to equal-ripple. The rippl 


region for V, is indicated in Fig. 13. 03-2. 


10-db Couplers--A maximally flat, LO-db coupler has the quarter 
filter parameters V5 3 Z, 1.041, v, = UTA = 1.446 (s0 Z, = 1. SQ 


0.388. As V, is increased, the coupling 


u 


and hence c, = 0.0403, c, 
sponse develops ripples, as can be seen from Fig. 13.03-5 which shoy 
curves of coupling against frequency for V, = 1.04, 1.06, 1.08, 1oa8 
1.12, and 1.14. The coupling is symmetrical about the center freque 
in Fig. 13.03-5, and is therefore plotted only for frequencies above 
band. The midband coupling has been maintained at 10 db by satisfy 
Eqs 7 (13503 b2) with R = 1.926. (This R is obtained from Eq. (13.03: 
with cy = 0.3162, corresponding tu 10-db coupling. ] For any given } 
the parameters c, and c,, and the even- and odd-mode impedances, (Z, 


and VAs ab can be derived from Eqs. (13.03-8) through (13.03-14). 


-3 —_— — 

2 

vo 

wo -10 

Zz 

a 

2 

Sa 

Oo -tf 
EGE —t. 
ig er ate ‘3 i4 i5 


NORMALIZEO FREQUENCY, {/f 
SOURCE: Proc. TER (sec Hef. 24 by L. Young) 


FIG. 13.03-5 COUPLING AS A FUNCTION OF 
FREQUENCY FOR SiX THREE- 
SECTION TEM-MODE COUPLERS 
HAVING 10-db MIDBAND COUPLING 


3-db Coupters'*-=Siwilar curves for 3-db couplers are reproduc 
Fig. 13.03-6, except that here the average coupling is maintained e€ 
at 3 db. (fn Fig. 13.03-5 the midband coupling was maintained cons 
at 10 db.) ‘The five curves shown in Fig. 13.03-6 have coupling rip 
Out, 022, 0.3, 0.4) "and 0.5 db respectrvel y, and their coupling fa 
are given in Table 13.03-1. 
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COUPLING — 6b 
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SOURCE: Final Neport, Comrvet DA-36-039 SC-63232, Si: 
reprinted in IRE Trans. PGMTT (see Wel. 5 by 
JK. Shimizu and FE. M. T. Jones) 


FIG. 13.03-6 COUPLING AS A FUNCTIGN OF FREQUENCY FOR 
FIVE THREE-SECTION TEM-MODE COUPLERS 
HAVING 3-db AVERAGE COUPLING 


O-db Colp ting Nt can be shown for Table 13. 03-1 
the maximally flat, three-section coupler DESIGN PANAMETERS FOR 
that in the limit as R tends to infinity, JUREE-SECTION, 3-db, 


and as the coupling eatio therefore tends TEM SCOR BCOOR EES 


i Terence aie: 
to unity (O-db), ue tends ultimately to | db RIPPLE | a on 
3/2. AV, tends to raipmetye dy | thas: Yi eda 0.15505 | 0.8273 
5 aan op ale GER by NES: 5 ah ps 10,2 db. | O. 18367 70.8405 | 0. 
for the maximally flat three-sectiron 10.3 ab | 2104 | QO. 85241 | 0. 
; : Reet ae z 20.4 db | 0.23371 | 0, 80115 | 0 
coupler never exceeds ¥3/2 = |. 224745, Ora | 0.25273 1) 36838 | 0. 


or equivalently, c, never exceeds 6,2. . : me 
1 ; SOURCE:  Finol Keport, Contract DA-36 


039 SCs63232, SHI; reprinted 
in JRE Trans. POMTT (see 
Hef, S by J. Kk. Shimizu and 
ee Brie. fSisan } 


nes J 


(Ghrcourse Vt. Ws not possible to ever 
attain G-db coupling, just as it is 
impossible to ever attain complete veflee- 


Lion in a stepped-impedance filter.) 


SEC. 13.04, KELATIONS POR TEM- MODE COUPLED=TRANSMESSTON- LENE 
DERECTEONAL COUPLERS OF FIVE AND MORE SLCTTONS 


First-Order Design Theory--\t is not diffieult to show that for wes 


couplings the amplitude coupling patio, e(&), of an n-seetion couples 


T8E 


a function of 0, is 


e E, . . 
i = ace sinh GMC Can akc, ) sin (n ~- 2) 0+... 

ECGs > Ce (essen = (Oe Bre) e ee 

Be eee lie Clee yw) SEO '. «(L3042ae 
in the’ notation of Fig. 13.0423. If) for example, it is required to ob- 
“tain maximally flat coupling, then the c, must satisfy a set of (n = Vy 
linear equations 

d? e()) 
L duP ae: 


(13. 04-2) 


LOtsp eee pd © Ol aes “haat 


in addition to one equation, determining the center-frequency coupling. 
The solutions of the system of equations (13,04-2) for n= 3 and n= § 


can be shown to be, 


ee ay = Bh. Coe Ocha: COS Ce ee Bc, (13. 04339) 


Reocctne ee ad : 


FACTORS. Gri iy - Soces: Se oeas ro eC Say 


A-S327- 60) 


SOURCE: Proc. IEE (see Hef. 24 by 1. Young) 


FIG. 13.04-1 TEM-MODE COUPLER OF n SECTIONS 
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and for n = §, 


‘ 2 1 
536 84 9 
Ci3e04e49 
yy = Sr ee 2c, t 2c, = 386 ./9 | 


y) 


Lt can ‘also be shown that eq. (A350 03279) Tor the maximally flat, 


poe ons coupler reduces, 4x the firstsoardéey approximation to 


y d To VR 
: 8 


(1350455) 


Solutions far Five-Section Couplers—As was the case with the 
three- section coupler in Sec. 13.93, the solution of the five-section 
coupler is most easily expressed in terms of the normalized quarter-wave 
filter impedances es zy. and “5, which are again related to the coupling 
factors c UPag als 04-1) by 


litee Pawo yy 
2 , 8 t 
Z* - Pie pen ; or Ge = ———+ 
Ci SE 
Brus ee (13.0426) 
corresponding to Fq. GES cael 4 iver (elie three-section coupler, Again 


but with i = j 3. 


the (Z..) and (2. PUdare obtained as in Eqs. (USE LOEW Nts Co SEnU Or ye 
5 


~The first-order solution in Egin hla OAS a) Hoe maximally fiat 
coupling must become less accurate as the ©, approach unity, since 
they can never exceed unity, Kaovation (13.94-4) becomes more accurate 
for appreciable couplings if we -ubstitute log aan Kye Ge) Cove aire 
the similarly expedient substitution used SEQ POG UOGSUDY! Gh! ete ee 
order thaary af qarter-wave transformers.}] Then for maximally flat 


couplers, to a good approximation, 
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. 
e : 
log Z, log Z, log 2, 
aa = te = Sn . (13.04-7) 
536 84 9 


The Z,, Z,, and Z, are completely determined when the midband coupling 


factor cy is also specified, from the formula 


tc : 
log Z, — 2 log 2, + 2 log Zi = log € % "| ~(13.04-8) 
(which is a special case of the more general formulas for n-Section couplers 
given later in Sec. 13.08). The first-order equations, Eqs. (13:04-7) and 
(13.04-8), for maximally flat coupling have been found to hold very well 
for coupling as tight as 10-db (cy = 0.1). The coupling becomes weaker as 
the frequency deviates from midband. The following fractional bandwidths 
are obtained for various conpling deviations from the midband cy (when C4 
corresponds to 10-db coupling or Jess): w = 0.82 for 0.1 db deviation; 
w =. 1.6] for 0.25 db deviation; w = 1.13 for 0.5 db deviation: w = 1,32 


for 1.0 db deviation; and w = 1.51 for 2.0 db deviation. 


The frest-order relations in Eqs. (13.04-7) and (13.04-8) for 


maximally flat coupling were even solved for a 3-db coupler Qos = On ae 
with the following results. The solution is easily found to be 
Z, = 1.0207 
25 o=5 e214 Se (13.04-9) 
Z, = 3.4004 


As the frequency departs from midband, the coupling at first becomes 
stronger, going from 3.01 db to 2.97 db, and then becomes weaker. I[t 
is 3,11 db at the edges of a 103-percent band (w= 1.03).,” and@3ystmran 
at the edges of a 124-percent band (w = 1/24). | 


An exact solution for a particular 3-db coupler has been given by 


Cohn and Koontz.)? “They found by trial-and-error that with 


By Oe TNT 
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ZU Leads 
ee ee 2, Bed tt) 


an equal-ripple characteristic (with three ripples) was obtained, the 
coupling being 3.01 + 0.163 dbaover “ay {ractronal bandwidth of » = 1.41. 
(The midband coupling is 2.847 db.) | 


In all cases the coupler is determined by the Z,, which give the 

com hq. G13 0426) anduthe WZ.) ketand (40). 1 from Eqs (ley 03-18) 
oe€ t 2a : 

ara tT aos )y tie physical dimensions then being obtained from 


re, Se Wey 


pC la 05 SP VIVE GAL DESIGNS (FOR TEM- MODE, COUPLED- TRANSMISSION- 
LINK DERECTIONAL COUPLERS OF ONE SECTION WITH 
APPROXIMATELY 3) cb AVERAGE GOUPLIENG 


Rigure 13.05-1 shows what has proved tu be a very popular method 
of construction for a completely shielded quarter-wavelength coupler 
wang ticity couplingee: In this structure the individoad tines: ore not 
symmetrically located with respect to the upper and lower ground planes; 
Pres tierenis a tendency for the: connections atiithe ends. to excite 
ground-plane modes. However, if the structure is completely closed in 
stpober sides asmstrowit aa fig.) TORUS la. suchemadles care OWS, CL, aie ie) 
difficulty should be encountered. The coupler illustrated was designed 
fbowhave) 2.9 dh midband coupling at Port 2, The actual measured coupling, 
directivity and. VSWR.of -the-coupler-is’ alse Sliowll “in the figure. The 
excellent values shown were obtained without recourse to any special 
matching techniques since the center frequency was vonly 225 Me. For 
operation at frequencies on the order of 1000 Me and are hiecas mete wees tesa Willey 
necessary to place capacitive tuning screws at either end of the coupled 
bines. . tte Se compensate the discontinuities there, and allow satisfactory 
values of dinectrvity Sond WSWi eto be, delikeved. The coupling response 1s 


usually little affected by these matching devices. 


The procedure sed to design this coupler which uses 0. 002-ynch- 
i 5 Pp 


thick copper strips supported by polystyrene dielectric having a relative 


dielectric constant €, 7 2.56 is as follows, The midband coupling is 
2.9 db, so ¢ = 0,716. The terminating impedance “#, is equal to 50 ohms, 
and therefore Fqs. (13,02-5) and (13,02-6) yreld ee Ae LO cahins and 
Ve. Ara 32.5 ohns. The spacing between the strips was chosen to be 
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PHYSICAL REALIZATION OF COUPLER 
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MEASURED PERFORMANCE 


A-5527-336 


SOURCE: Scientific Report 1, Conirac; AF 19(604)+-1571, 
SRI (see Ref. 6 by J. K. Shimizu) 


FIG. 13.05-1 CONSTRUCTION DETAILS AND MEASURED PERFORMANCE 
OF A PRINTED-CIRCUIT, 3-db COUP! ER a 
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0.032 inch so that with 6 = 0.400 inch in Fig. 13.05-1, s/b = 6.08, 

and t/b = 6.005. The value of w/b is then determined from either 

Eq. (5.05-16) or Fq. (5.05-17), using the values of C,,/€ = (0, Sy) wis 

Cy fe = 1.21 determined from Fig. 5.05-4. In using Eq. (5.05-16) one 
should use the value (s + 2¢)/5 = 0.09 for s/b in that formula, which 
assumes ¢/b = 0, since it is the fields external to the strips that 

are significant in determining Ze: One finds that w/b = 0.373. Using 
Eq. (5.05-17) with s/b = 0.08, since the fields between the strips are 
of most significance in determining Z.,: one finds w/b - 0.337. The 
fact that different values of w/b are obtained Cone these two formulas 


is a reflection of the fact that they are only approximately correct. 


The actual value of w/b! used in. this coupler was 0.352, which lies 


between these two theoretical values. It was computed by an approximate 
technique before Fqs. (5.05-16) and (5.05-17) were available. The 
spacing (w' ~ w)/2 between the edges of the strips and the side wails 


of the metal case is great enough so that it does not have any appreciable 


effect on the even- and odd-mode impedances of the strips. 


13 for tight 


Another useful type of printed-circuit configuration 
coupling is illustrated in Fig. 13.05-2. The measured response of a 


coupler constructed with these dimensions is shown in Fig. 13.05-3. 


This coupler was designed to operate at a 50-ohm impedance levei and 


to have 2.8-db coupling at midband.” ifowever, the absorption in the 
dielectric material having relative dielectric constant €| = 2,77 was 


sufficient to reduce the transmission by 0.2 db. 


The dimensions of the strips are determined as follows. Equations 
(13.02-5) and (13.02-6) multiplied by > yield We, Z). = 205 ohms and 
ve) rales = 32.8 ohms. A value of AC/e - 4.82 is then determined from 
Fq. (5.05-20). Next, a value of g/t = 0.096 was chosen and d/g - 9.445 
read from Fig. 5.05-5. Figure 5.05-6 and Fig. 5.05-7 then yield Cale = 
0.55 and CELA = 0.115, respectively. Using these vaiues and the value 
of Cy fe = 1.81 determined from Eq. (5.05-21) one finds an initial value 
of c/b = 0.108. Figure 5.05-8 yields Ci. /e 2-0.105, and Fq. (5.05-22a) 


yields a/b = 0.284. Since the strip width c is narrow enough compsred 
to b so that the fringing fields at either edge interact and decrease 
its total strip capacitance, it is necessary to increase the value of 


c as given in Eq. (5.05-22c), yielding the final values of ¢/b = i. de 
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NOTATION USED FOR COUPLER DIMENSIONS 


: 0.135 
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DIMENSIONS OF COUPLED STRIPS 


TOTAL OF 8 4-840 


TUNING SCREWS ease 
ee 


REXOLITE * 2200 


erie 3 
CEZZEZ ZINA LIT — 0. 057 


es madd oe 6. 128 
COPPER SHEET— 


EXPLODED VIEW OF SECTION A-A 
A- 3627-338 


SOURCE: Final Report, Centract DA 36-039 SC-74862, SRI reprinted in 
IRE Trans. PGMTT (sce Ref. 6 by W. J. Getsinger) \ 


- FIG. 13.05-2 DETAILS OF CONSTRUCTION OF 1000-Mc, 3-db COUPLED-TRANSMISSION-LINE 
DIRECTIONAL COUPLIER USING INTERLEAVED STRIPS 
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OUTPUT 


COUPLING = db 


oe ee 


USING FIXED LOADS 


OIRECTIVITY =¢6b 


INPUT VSWR 


700 800 900 1000 1100 1200 1300 1400 


FREQUENCY — Me 
A-3827- 3568 


SOURCE: Final Report, Contract A-36-039 SC-74862, SKI; 
reprinted in IRE Trans. POMTT (see Nef. 13 by 
W. J. Getsinger) 


FIG. 13.05-3 MEASURED PERFORMANCE GF 1065-Mc, 2-db BACKWARD 
COUPLER USING INTERLEAVED STRIPS 


The methed of construction used for this coupier is cleariy indica 
ted in Fig. 13.05-2. The series inductive discontinuities introduced 
by the mitered cerners at vach port of the coupler were compensated by 
means of the capacitive screws shown in the figure. These screws were 
introduced in a symmetric fashion about the midplane of the coupler to 
prevent unwanted excitation of the parallei-plate TEM mode ihis methad 
of compensating the coupler «was found to be much more effective than 


adding capacitive tabs directly to the strips themselves. 


‘ 


189 


A directional coupler having tight coupling can also be constructed 
using thick strips!* of the type iMlustrated in Fig. 13.05-4. The strips 
ais . -u this method of construction are thick 
enough so that they have a substantial 
Kw s ain aol fi amount of mechanical rigidity. Hence, 
t they may be supported at discrete points 
ti by means of low-reflection dielectric 
spacers, similar to those used to support: 


A- 3527-330 ; : 
the center conductors of coaxial lines. 


FIG. 13.05-4 NOTATION FOR 3-db- In some cases they may be simply held in 


COUPLER USING place by means of the connectors at each 
THICK COUPLED 
STRIPS 


of the four ports. Capacitive tuning 
screws are usually necessary at each port 
of this type of coupler to compensate 


the inevitable discontinuilies. 


As an example of the method of choosing the dimensions of the 
coupled strips for such a coupler the theoretical design of a quarter- 
wavelength coupler having 9.7 db midband coupling and operating at a 
50-ohm impedance level will now be considered. (The coupling over an 


octave: bandwidth will then be 3.0 ¢ 0.3 db.} Reference to Faqs. (13.02-5) 


and (13.02-6). shows that A 3 127.8 ohms and Zin - 19.6 ohms, and 
ice (5.05-20) yields the value of AG/e = FelSas The thicknessya teens 


strips is then arbitrarily set so that t/b = 0.1. Figure 5.05-9 then 
yields the values of. s7bigen0. OLS and Cy /e = 0.578. °From. Fig. 5.05-10(b)~ 
one finds Ci/e = 1.2, and from Fq. (5.05-18), © /e = 2.95. Then, using 
Fq. (5.05-23), one finds w/b = 0.396, 


In order to minimize discontinuity effects it is usually best to 
choose b < 0.14, where h is the wavelength in the dielectric material 
filling the cross section. The length of the coupled strips 1s of 


course 0.25 at midband. 


An interesting structure due to Cohn?* which is suitable for strong coupling 
was indicated in Fig. 13.01-2(h); a completely shielded version 1s 
shown 3n Figs: 13.05-5 and 13.05-6: Two coaxial transmission lines 
are placed side-by-side. Their inner conductors A and B are entirely 
separate, but their outer conductors touch and become the conductor C 
in Fig. 13.05-5. The double-barreled conductor © is made one-quarter 


wavelength long and its potential "floats" between that of the two 
ee 
: : 

Patent applied for. 
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conductors A and 6, and that of the 
metal case D, The conductor Cs 
held in position by dielectric sup- 
ports (not shown in the figures). 


The conductor A in Fig. 13.05-5 


connects Ports 3 and 4 in Fig. 13.05-6 


while conductor B connects Ports | 


A-$527-602 


and 2. The characteristic impedance 


reba | eee aae cnet obs woke oe Gawa chain os ts denoted by Zo 4 
(Fig. 13.05-5), and the two concen-, 
FIG. 13.05-5 RE-ENTRANT COUPLED tric lines within © each have charac- 
“CROSS SECTION teristic impedance Z,,. The analysis 
is again carried out rn ‘terms of an 
even and fan oddewode.. for the odd 


mode, A and B are at equal and opposite potentials, and © is at yround 


potential. Therefore 


" ¥ s (13 cay 
oe £52 
Gor the even mode, each inner 502 TERMINATING LINE —\ 
. : Sori Ades sare x 
coaxial line (A,or, UL to C) is an a7 He ENTRANT ee 
G) SECTION Ne Be, 
series with ha] f the outer line Seay 
(C to Py, because the floating A 8 
conductor C passes the currents i . 
flowing from its inner surface onto 
sts outer surface which is ‘therefore 
Ci Veeriee with at.e This leadst to" 
Ys = 7 sb \Seo ae EL ane ee Fie cms) 
~ Leo WAS ERAS HO S=r)) os lal eee ene 
Leeann peters 
ae ee 
he iiias,8 | tee ee 
fhe coupling is then determined as ; are ame al 
VIEW A-A 
before from Eqs. ¢.13.02-4) through (b) LONGITUD NAL SECTION 
(13.02-6). aia 
‘ : SOUNGES Innes egore: Rantract DA+%6-239 SO-ATaE 
For example, al was shown above (ase Reto 7 by So. Cohn aid $1 


that for a 2. ¢) db) coupler with 


y= 50 ols, one requires Z_; = FIG. 13.05-6 VIEWS OF THE RE-ENTRANT 
“ ee eG DIRECTIONAL COUPLER 
127.8 ohms and La 19.6 ohms. 
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ae 


4 Th en w = ( 1] oF nla ) ts 


Solving for 2), and Z,, from Eqs. (13.05-1) and (13.05-2), 


Zo aod) ohins Po = 19.6 ohms 
In an experimental model !, two tubes of 0.250-inch outside diameter 
were soldered together to form C, and the Space between the tubes was 
filled with solder. The tube wall thickness was 0.022 inch, leaving 
an inner diameter of 0.200 inch. The inner conductors A and B were of 
diameter 0.149 inch to yield an impedance of Zj5°2) 19.6 ohms seen 


impedance Zo of the outer line was obtained from data such as that in 


Fig. 5.04-2 for a rectangular inner conductor, by taking t = On250 inch; | 


the effective width w was determined by equating cross-sectional areas. 


tt 


Pt86t> Vromokyes 1520452 "tlre plate-to-plate 


Spacing is then 6 = 0.746 inch. 


The impedance of the four lines emerging from the coupler is to be 
50 ohms. (This applied to the region in which the inner conductors are 
curved 90-degrees toward the four ports in Fig..13.05-6.) The dimensions 
for this “slab-line” region (circular inner conductor between ground 
planes) ‘were chosen to be: diameter of inner conductor = 0.125 inch, 
plate-to-plate spacing 6 = 0.228 inch. (This gives a 50-ohm line. 7) 
Since this plate-to-plate spacing (0.228 inch),is less than the height 

of the double-barreled conductor C (0.250 inch), a small bap has to be 
allowed between the step in b from 0.746 inch to 0. 228 inch and the 


re-entrant section, This is clearly shown in Fig. 13.05-6. A gap of 


-0.050 inch was allowed. 


Directivities better than 29 db over an octave bandwidth were 
reported for two experimental couplers, one centered at 560 megacycles 


1 A three-section coupler was also built, 


and one at 1500 megacycles. 
with only the middle section re-entrant, the two outer sections being 


of the type shown in Fig. 13.01-2(a).?7 


SEC. 13.06, TYPICAL DESIGNS FOR TEM-MODE, COUPLED- 
TRANSMISSTON-LINE DIRECTIONAL COUPLERS 
OF ONE SECTION AND WITH WEAK COUPLING 


This section describes the theoretical] design of TEM-mode couplers 
operating at a 50-ohm impedance leve) and having 20-db coupling at 


midband. Fach coupler has a length { = 0.95 ar midband, where A is 
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the wavelength in the dielectric 
surrounding the coupled lines. [n 
order to minim ze discontinuity 
effects, the spacing 6 between 
ground planes in these couplers 
should be no more than a tenth of 

a wavelength at the highest operat- 


ing frequency. 


Figure 13,.06-1] ablustrates the 
cross section of the first coupler 
to be considered. The coupled SUPIps 
usually have a negligible thiekness, 
t, and are assumed to be 
2) 


me 


dielectric constant as 
Values of ve Z = BR. 
r oe 


02-5) and 


e 


5 ohms and + 


(alg O = Gy)ie 


S 
r 
using Eqs. (13. 


s/b = 0.32 and using ig. 


fhe cross section of the second 


supported by 


5 completely filling the cross 
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Then using Fig. 
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FIG, 13.06-1 NOTATION FOR 20-db 
COUPLER USING EDGE- 


COUPLED FLAT STRIPS 
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type of coupler to be considered 


fe Pilustrated in’ Fig. 13.06-2. The thickness, ¢t, of these coupled 
strips will be assumed to be negligible as Watl as the Uhieinress ot the 
slot of width d. The length Ae tihis aot ts or poUnt ae: wniitiaeht eT) hi 
length at midband. The dielectric material supporting these stCly> has 
€, = 2.56. Fquations (13.02-5) and CV3LO eG vicld eo Zu igs) eo ohne 
and ve, eee 72.3 ohms. The value of eS Aah > equal to i Zhe ise 
characteristic impedance of an uncoupled iine, and therefore the value 
of w/b 0.86. cam be Abtaihed Lrom Pipe ouae td: Thou by puhes ase fot 

Rigs. 405.05: 7) through (5.05- 10) one frauds (@70 (21.03. 

The third type of coupler to be considered is) sliown in cross section 


erie. 13.0648) © kn this type of 


to be surrounded with dielectric, for 


conductors make this type of coupler 


Using hqs. 


45.2 ohms. Then from Eq. 


c 


Eq. (5.05-12) one finds d/b - 0.59. 
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FIG. 13.06-2 NOTATION FOR 20-db FIG. 13.06-3) NOTATION FOR 20-db 
COUPLER USING COUPLER USING 
SLOT-COUPLED ROUND CONDUCTORS 


FLAT STRIPS 
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SEC. 13.07, DERIVATION OF DESIGN FORMULAS FOR TEM-MODE, 
COUPLED- TRANSMISSTON-LINE COUPLERS OF ONE 
SECTION 


The basic coupled-transmission-line directional coupler is shown 
schematically at the top of Fig. 13.07-1 with resistance terminations 
Be at each port. It 1s excited with’a veltage 2E in series with Port I. 
At the bottom of Fig. 13.07-1 the same directional coupler is shown in 
two different states of excitation. In the odd excitation, out-of-phase 
voltages are applied in series with Ports 1 and 2, while the even 
excitation applies in-phase voltages in series with these ports. Through 
the principle of superposition it may be seen that the behavior 6f the 
directional coupler with voltage 2 applyed in series with Port 1] car 


be obtained from its behavior with even- and odd-voltage excitations. 


Symmetry considerations show that a vertical electric wall may be 
placed between the strips of the coupler when it is excited with voltages 
having odd symmetry, and a vertical magnetic wall may be inserted between 
the strips when it is excited with voltages having even symmetry. The 
characteristic impedance of one of these strips in the presence of an 
electric wall is Z)), while the characteristic impedance of a strip in 


presence of a magnetic wall is 2). 


In order for the directional coupler to be perfectly matched at 
all trequencies it 1s necessary that the input impedance Z, be equal 
to Z). Applying the principle of saperposition, one sees that the input 


impedance of the directional coupler terminated in Z, can be written as 
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= 


ELECTRIC WALL 


(c) EVEN EXCITATION 
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FIG. 13.07-1 COUPLED-STRIP DIRECTIONAL COUPLER 
WITH EVEN AND ODD EXCITATION 
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Zo 1 72, bone? 
Gs 23 ROL. ae etapa eee (13.07-2) 
ts etZer es 2,0 Cano : 
and 
Zy + 3Z2,, tan 0 
Z Any 3 a eG (13.07-3) 
ve o* bo + dag tan @ 


When Fq. (13.07-2) and Fq. (13.07-3) are substituted inte Fq. (13.07-1) 


it is found that 1b on 53 Zy when 


ji hes ; (13.07-4) 


for all values of @. 


Under the condition that Z) = VCC the voliage appearing at 
Port 1 of the coupler is EY = E, The voltages E.. = ie and ioe = aS 
may be determined from the straightforward analysis of a transmission 
_ line of length @, and characteristic impedance Z,, terminated at either 
end by an impedance Zi and fed by a voltage Ek. Likewise the normal- 
mode voltages EF, , = Abie and ce = “Ey, may be determined from a simi- 


lar analysis of a transmission line of length @ and characteristic 


impedance Z terminated by WZ Z_, 
ao 5 ne eo 


! The results of this analysis show 


Zoe on \ 
sin @ = 
; | oa. die ‘) 
a eGR ate Oo eee 
Zn Teer ; a 
) sin @ tan : 
Zoo Ze ee 


that 
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when Z, is chosen greater than unity. Conversely 


1- V1 - c? 


c 


G 


(13.08-6) 


It follows that quarter-wave, coupled TEM- mode directional couplers can 
be solved as quarter-wave filters as discussed at the beginning of 

Sec. 13.03. It can be shown that for the single-section coupler of 
Fig. 13.01-1f0), [compare Eqs. (6.02-5) and (6.02-6)] 


Ly |2 (R ~ 4)? | ; 
a = J + ———— sin? U (13.08-7) 
La 4K 
where 
, al eo re 
HOT SOR 7 poet (13. 08-8) 
Ligure 


is the VSWR of the prototype filter (Fig. 13.08-1) at center frequency 


(@ = w/2). The over-all power coupling ratio is then 
- 12 ay ) 
E., lee 
-— Pate) fe es 
E | | Kk | 
| 
Carn) aes | 
_ sin’ } 
AR ( 
= a — ( Cis se Oe ») 
Raper ee 
as a san 1 | 
4R 
i 
H 
i 
C2 NS ype 
= ae ! 
H c* cos? G 3 


Table 13.08-1 summarizes the principal formulas for TEM-mode couplers 
(with and without end-to-end symmetry) in terms of the parameters of 


the prototype quarter-wave filter, 
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Table 13.08-1 


GENERAL FOKMULAS FOR THE DESIGN OF TEM- MODE, COUPLED- TRANSMESSION - 
LINE DERECTIONAL COUPLERS FROM ‘THE QUARTER-WAVE FELTER PROTOTYPE 


The midband VSWR Roof the quarter-wave filter is related to the over-all 
coupling factor ¢y of the coupler by 


Lt .¢5 R-) 
= or ¢ = 
igh s: 0 At] 


The midbond VSWR R of the quarter vave filter is 


y 12 
Zee Ne 
R= ie) 


2,4, 6° 


where the Z, ure the normalized impedances of the quarter-wave filter prototype 
sections, 


The coupling factors c, of the several} Sone Ler sections are related to the 
normalized impedances Z, ofthe quarter vave filter prototype sections by : 


latee Og a 
2 i tos 
2S ae 26) == 

ee ee 


_The even-mode and odd-mode impedances, (2) ). and (2, yo of the coupler 
sections are given by So 


£, i ee 2 


i Arce 
i 

oo’; 0 a 

1 c, 


Certain simplifications result for couplers with end-to-end symmetry. [n that cuse n 


~ 
N 
~~ 
" 
N 


is odd, and 
< “ntiny 
v4 are 
= Vaan = VSWH of ith step in prototype 


—~] 
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UAW Vern Va)e 


= (VoV AV... Via)? 


ie =| re 
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Figure 15.03-1 showed a symmetrical TEM-mode coupler of three sec- 
tions together with its quarter-wave filter prototype, and the associated 
notation. Notice that the filter has end-to-end symmetry, unlike the 
transformers in Chapter 6. This prototype filter is not matched at 
center frequency, as zero reflection in the prototype corresponds to 
zero coupling in the corresponding directional coupler. The TEM-mode 
coupled-transmission-line directional coupler performs exactly as a 
quarter-wave filter in which the forward and backward waves have been 
separated and have become two traveling waves (in opposite directions) 
on two parallel transmission lines, the over-all reflection coefficient 
of the prototype becoming the over-all coupling factor of the cousler, 


This is indicated in Fig. 13.03-1. 


No quarter-wave filter prototype solutions for couplers with seven 
or more sections have been obtained to date. The equal-ripple charac- 
teristics desired of three-, five-, and seven-section symmetrical 
couplers (and prototypes) are summarized in Fig. 13.08-2. Solutions 
for the three-section coupler were presented in Sec. 13.03, and for 


the ‘five-section coupler in Sec. 13.04. 


Phase Relation Between Outputs-—For a symmetrical conpler the two 
outputs Fy and FE, (shown for a three-section coupler in Fig. 13.03-1) 
are in quadrature at all frequencies (t.e., differ by 90 degrees when 
measured at the extremities of the’ coupler). This result follows at 
once from the quarter-wave filter analogy, since fur any symmetrical. 
dissipation-free 2-port, the reflected and transmitted wave amplitudes 


are orthogonal." 


SEC.. 13.09, CONSIDERATIONS AND GENERAL FORMULAS FOR 
BRANCH-LINE COUPLERS 


Branch-line couplers are directional couplers consisting of two 


paralicl transmission lines coupied through a number of branch lines 


(Fig. 13.09-1). The lengths of the branch fines and their spacings 
are all one-quarter guide wavelength at center frequency, as shawn in 
Fig. 13.09-1. The characteristic impedances of the two parallel main 


lines may be changed from section to section, and the branch viaapedances 


may be adjusted also to improve the electrical performance. 


Figure 13,09-1 could represent the cross section of the itner 
conductor of a coaxial line, or the printed center conductor of a strip 
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FIG. 13.08-2 DESIRED COUPLING CHARACTERISTICS OF 
THREE-, FIVE-, AND SEVEN-SECTION 
TEM-MCDE SYMMETRICAL COUPLERS 
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FIG, 13.09-1 BRANCH-LINE COUPLER SCHEMATIC 


transmission line, or the &-plane cross section of a waveguide 

(Sec. 13.14). The output at the in-line termination is denoted by P, db 
(below the input), the coupling is P, db, and the directivity 1s 

D db (see Fig. 13.09-1). 


The branches may be in shunt with the main line (as in coaxial and 
strip transmission line) or in series with it (as in waveguide). For 


shunt junctions it is more convenient to use admittances, and for series 


ae » 


junctions it is more convenient to use impedances. The term “ immittance’ 


will be used to denote either (shunt) admittances or (series) impedances. 
The notation giving the characteristic immittances is depicted in 

Fig. 13.09-2. The coupler is supposed to have end-to-end symmetry, so 

E Hi etc., and A a 


that LL 


Kj Kier -7- KntK, Knoi?Ko ipa etc. It will be convenient 


tT Lea as 
us . | | “malize wit! -spec o the 
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ey es a — Rid 


terminating linmnittances A. 
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eon ts 2  Ceenoue -Elris chapter. 
SOURCE: IRE Trans. PGMTT (sce Ref. 11 by Leo Young) All the junctions will be 
assumed to be ideal shunt or 
FIG. 13.09-2 BRANCH-LINF COUPLER series junctions in the design 
NOTATION 


procedure, and each line Length 
between junctions will be assumed 
to vary as a line one-quarter 
guide wavelength along at the center frequency. The effect of the 
junction reference planes (Sec. 13.14) is included only in calculating 


the final physical dimensions; the effect of junction discontinuity 
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reactances is often not large, and in many cases can be compensated 
using the data in See, 5.07 and in Nefs. 18, 19, and 20, as will be 
discussed in an example in Sec. 13.14. The appearance of branch-line 
couplers (Sec. 13.11) in rectangular wave-guide frequently works out 

as indicated in Fig. 13.09-1 (see Sec. 13.14), where the two outer walls 
(top and bottom of Fig. 13.09-1) have been shown as straight lines. 


However, this result should sot necessarily be assumed to hold in all 


cases. 


Even- and Odd-Mode Analysis--Branch-line couplers may be analyzed 
in terms of an even mode (two in-phase inputs) and an odd mode (two out-_ 
uf-phase inputs) which are then superposed, adding at one port and 
cancelling at the other, thus yielding only one actual input. This is 
summarized in Fig. 13.09-3. For shunt-connected branches the two inputs 
of the odd mode produce zero voltage across the center of all the 
brenches,. and thus a short-circuit may be placed there; the two halves 
may therefore be “separated”, each half consisting of a transmission 
line with 45-degree shorted stubs at 90-degree spacings. Meanwhile 
the even mode similarly yields 45-degree open-circuited stubs 
(Fig. 13.09-3). The 45-degree short-circuited stubs, and the 45-degree 
open-circuited stubs produce equal and opposite phase shifts 4% at 
center frequency in the even-. and odd-mode inputs. For a matched 
coupler with perfect directivity the two outputs are then cos‘U and 

‘sin2U-in power, when‘the input power (sum of even and odd modes) is 
unity. For the case of series-connected stubs, the same reasoning 
applies, only the roles of the even and odd modes are reversed. For 


a fuller explanation, the references should be consulted. &4 


Cascaded Matched Directional Couplers-—When matched couplers are 
cascaded, as shown in Fig. 13.09-4, they act as a single directional 
and P, 


are readily calculated from the individual couplings Pp . db and 


coupler, and the over-all couplings of the combination, P 


l,com , cow 


Py, db by the following formula: 


Bear oda/Alle INSP es E ou )] db (13.09-1) 
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FIG. 13.09-3 SUMMARY CF EVEN- AND ODD-MODE 
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FIG, 33.09-4 SEVERAL MATCHED DIRECTIONAL 
COUPLERS IN CASCADE 
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e N ‘ 
P = 20 logy, [sin( 2 6,)] db (13.09-2) 


where 


= Py 
8. = cos! Jantilog wee (13.09-3) 
2 
Pai 


‘ bed | ; . 2 4 
2. sin ntil — ; (13.09- 4) 
: os (2) i 


For instance, a phase shift of U = 30 degrees yields a 6-db coupler, 
and a phase shift of 9 = 90 degrees yields a 0-db coupler; therefore, 


a cascade of three matched 6-db couplers results in a 0-db coupler. 


Midband Formules-—There are certain relations which ensure perfect 
match and perfect directivity at center frequency. Furthermore, at 
center frequency the ratio of the two output voltages E, oc antilog 
(-P ,/20) and £, o antilog (-P,/20) can be written down fairly simply 
in terms of the H. and K, in Fig. 13.09-2. Table 13.09-1 gives these 


_formalas for up to six branches. Also given are simpler formulas which 


determine the conditions for 3-db and 0-db coupli:g, together with 


perfect match and perfect directivity, at center frequency. 


SEC. 13.10, PERIODIC BRANCH-LINE COUPLERS 


Additional restrictions may be placed on the immittances of 


symmetrical couplers (Fig. 13.09-2). In particular when 


MOREE R Mapp De Kh Sahn, 


and further, when #, = H),, 18 chosen to give a perfect input match 

at center frequency, then such couplers will herein be called pertodic, 
Thus the through-lines are uniform, and all the interior branches are 
the same. Such couplers have been analyzed by Reed and Wheeler. ®* Let 


the power coupling ratio at center frequency be deneted by 


$07 


on 


P 
eat 1, (- =) (13. 10-2) 


where P, is in decibels and was defined in Fig. 13.09-1. (For example, 
for a 6-db coupler, he = %%4.) The solution of periodic couplers 
involves the Tchebyscheff polynomials Si(x), which have been tabulated 
numerically, 2! and which are defined by 
S,(*) = 1 
: S,(x) =e 
5 : Res 
S3(x) x 1 
WS. (rien ie | (13. 10-3) 
S,(x) = zt =. 3x4 #1 
ECR) he ete ante Borg 
S.(a) = x6 - Sxf + 6x2 - 1 


S (x) = xS 
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The immittances 7, and H, of a periodic coupler then have to satisfy? 


, Vie ca : when n 3 odd 
Sanita (13, 10-4) 


or cy , when n * even 
and 


[ : SS ua 


(13. 10-5) 
S,.\(7H,) 


Hy 


Table 13,10-1° gives solutions for some 0-db, 3-db, and 10-db couplers, 


The performances of four different 3-db periodic couplers given by 
Table 13, 10-1] are summarized in Tables 13,10-2 and 13.10-3, The maximum 
‘VSWR over three specified fractional bandwidths 


hina | 
v2 2 (set) (13, 10-6) 
gi a3 : 
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Tadvle 13.10-1 
EXAMPLES OF 0-, 3+, AND 10-db PERIODIC COUPLERS 
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Table 13.10-2 


MAXIMUM VSWR OF SEVERAL 3-db PERIODIC COUPLERS 
OVER STATED BANDWIDTHS 
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Table 13.10-3 


COUPLING UNBALANCE (db) OF SEVERAL 3-db PERTODIC 
COUPLERS GVER STATED BANDWIDTHS 
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is shown in Table 13.10-2, where Ni is the longest puide wavelength, 


aad Nae 


tion. The guide wavelength at band-center is given by 


is the shortest guide wavelength over the band under considera 


2 ‘bine 
ere (| : (132 10%q9 
6 . é 


‘The coupling P, becomes stronger, and the coupling P, becomes weaner, 
than 3 db at about the same rate, as the frequency changes from band- 
center. The total variation [AP | te [ABI , referred to as the “coupling 


) 


unbalance," is shown in Table 13.10-3 for the same 3-db couplers. 


The performances of five different O-db periodic couplers given by 
Table 13.10-1 are summarized in Tables 13,10-4 and 13.10-5 over the same 


Table 13.10-4 


MAXIMUM VSWH OF SEVERAL O-db PERIODIC COUPLERS 
GVER STATED BANDWIDTHS ) 
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SOURCE: Tech. Note 3, Contract AF30(602)-2392, 
SRI (see Ref. 22 by Leo Young) 


Table 13.10-5 


MAXIMUM INSERTION LOSS (db) OF SEVERAL 0-db PERIODIC COUPLERS 
OVER STATED BANDWIDTHS 


FRACTIONAL 
BANDWIDTH 
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branch brancs 
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| Oo TES 
SOURCE: Tech. Note 3, Contract AF30(602)-2392, SRI (see Ref. 22 by Leo Yeung} 

three specified fractional bandwidths. More detailed characteristics 

of some of these and other couplers are given in Refs. 9 and 22, 


Only couplers with an even number of’branches (nm odd) are given in 
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Tables 13.10-4 and 13.10-5; the performance of couplers with an odd 
number of branches (n even) is not as good. This is probably due to 
the fact that ail the branches have the same immittances, including the 
two end ones, when the number of branches is odd, and thus there is no 
end-matching effect. For instance, a twelve-branch, 0-db periodic 
coupler gives better electrical performance than a thirteen-branch 0-db 


periodic coupler. 7 


SEC. 13.11, THE CHARACTERISTICS AND PERFORMANCE OF SYNCHRONOUS 
BRANCH-LINE COUPLERS 


The synchronous tuning condition as it applies to transmission-line 
filters was formally defined toward the end of Sec. 6.01. Now recall 


e 


that the even- and odd-mode analysis reduces a branch- guide coupler to 
two transmission-line filters, as indicated in Fig. 13.09-3. When the 
through- line impedance is uniform, neither of these two filters is 
synchronously tuned, since the reflections from any two. finite reactances 
spaced one-quarter wavelength apart are not phased for maximum cancella- 
tion. They can be so phased, however, by adjusting the through-line 
impedances, and it turns out that both the even- and the odd-mode “ filters” 
(Fig. 13.09-3) then become synchronously-tuned with the same choice of 
through-line impedances." 4 quarter-wave transformer (Chapter 6) can 

then be used as’a prototype circuit, resulting in a clearly marked pass 
band, in which the VSWR and directivity are nearly optimized. ‘fo meet 

a specified electrical performance over a given bandwidth, fewer branches 
will then be required with such optimized couplers than with periodic 
couplers ‘Sec. 13.10); from numerical examples, it appears that generally 
about half as many branches?? will do. On the other hand, some of these 
branches will be wider than any in the corresponding periodic design, 

and so may depart more from ideal junction behavior. Such factors should 
be taken into account before deciding on the type of coupler. The chief 
advantages of synchronous couplers over periodic couplers are that they 

are more compact (for a specified performance), since there are fewer 


branches, and that the performance can be predicted fairly accurately. 


The first step in designing a synchronous coupler with a specified 
center frequency coupling P so decibels and a specified fractional band- 
width w, over which the performance is to be optimum, is to determine 
the output-to-input impedance ratio R and the fractional bandwidth w 

q 
of the quarter-wave transformer prototype, They are generally obtatrned 


closely enough by the approximate relations ve 


Ski 


Rot} ; 
Pao ey At) Loeid; = =) db (13, USB) 
and 
v, = 0. 6w (32 1122) 


Equation (13.1}-1) is plotted in Fig. 13.11-1. It is exact for 


couplers which are perfectly matched <t center frequency (such as all 


couplers with even mn, and any maximally flat couplers), 
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COUPLING — Pz 9 {db} 


SOURCE: JRE Trans. PGMTT (see Ref. 11 by Leo Young) 


FIG. 13.11-1 PLOT OF CENTER-FREQUENCY 
~ COUPLING P, 9 vs. IMPEDANCE- 
RATIO PARAMETER R FORA 
MATCHED BRANCH-LINE 
COUPLER 


It is accurate 
enough for nearly ail practical 
cases, but overestimates the 
numerical value of P,, in pro; 
portion to the reflection loss. 
(An exact formula, necessary 
only when the center- frequency 
VS¥R is high, is given in 

Ref. 11). Notice that 0-db 
coupling would require R ~ ©, 
and can, therefore, not be 
realized in a single synchro- 
nous design. However, two 
synchronous 3-db couplers, or 
three synchronous 6-db couplers, 
etc., can be cascaded to give 


a 0-db conpler. 


Equation (13.11-2) is less 
accurate, the numerisal actor 
generally lying betwen 0.5 and 
0.7. A more accurate teteimi- 
nation can be made f: > x; 

Fig. 13.11-2 after the «+ ber 
of branches has been selected. 
In this figure are plo-iad the 
best estimates of the bandwidth 


contraction factor 


Cte 


oes w/w 


o 
@ 


FACTOR —-— 8 


(2) 
N 


0.9;>—: 
| overs Emenee 
, nat @ 
n°2 @ MAX. FLAT 
® 40% OR 80% BANOWIOTH 
n=3,4,50r8 x MAX. FLAT 
. ’ + 30% OR 80% BANDWIOTH 


Qé6 


BANDWIDTH CONTRACTION 


as 
ad 


A-3278-105 


SOURCE: IRE Trans. PGMTT (see Hef, 11 by Leo Young) 


FIG. 13.11-2. BEST ESTIMATES FOR BANDWIDTH CONTRACTION FACTOR 4 
BASED ON 27 INDIVIDUAL SOLUTIONS 


against R, or P, 4 and with vn as a parameter, based on a large number 


of numerical solutions. !! 


Having determined f and w, from the specified coupling P,) and the 
coupler fractional bandwidth w,, the only remaining independent parameter 
is the number of sections, a, or number of branches, nm + 1] (Fig. 13.09-2). 
For a given KH and wo, the ripple VSWR V_ of the transformer decreases 
with increasing n, and is-readtiy determined from Sec. 6.02. ‘fhe maximum 
pass-band VSWR of the coupler, a and its minimum directivity D 


’ min’? 


may then be obtained to a good approximation by 


v= 4 


Ae te Talent 
ao antilog (P,/20) 


\/ 


U 


813 


Vent ) 
Dedtea= fecoul ———__—_————| - P, db . (13.11- 
ae °B10 Jo antilog (P,/20) : ar 


(The directivity D is defined as the ratio of power out of the “decou- 
pled” arm to power out ef the coupled arm. See Fig. 13.09-1.) Exact 
formulas (necessary only for large V_) are given in Nefe hie The 
number of sections n must be made large enough to meet the desired 


performance. 


The frequency variation of the input VSWH V, the directivity D (db) 
and the two couplings (the in-line coupling P, and the cross-over 
coupling P,, both in db), are plotted in Figs. 13.11-3, 4 and 5 for 
couplers based on maximally flat quarter-wave transformer prototypes 


for n = te, 4, and 8, and for R = 1.5, 3 and 6, corresponding to 


5 
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| 
| 


ee : 


VSKb —— Vv 


iss) 


A 3470-106 


SOURCE: IRE Trans. PGMTT (see Ref. 11 by Leo Yeu) 
FIG. 13.11-3. VSWR CHARACTERISTICS OF (JME 
MAXIMALLY FLAT, BRANCH-L:t E COUPLERS 


Immittances of these couplers are viven in 


Tables 33.12-} and }3.12-2 
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OIRECTIVITY -—— O (db) 


SOURCE: IRE Trans. PGMTT (see Ref. 11 by Leo Young) 


FIG. 13.11-4 


DIRECTIVITY CHARACTERISTICS OF SOME 
MAXIMALLY FLAT, BRANCH-LINE COUPLERS 
Immittances of these couplers are given in 


Tables 13.12-1 and 13.12-2 


8is 


COUPLING — P. ANO P, (cb) _ 


44-3476 108 


SOUNCE: IRE Trans. POMTT (sce Ref. 11 by Leo Young) 


FIG. 13.11-5 COUPLING CHARACTERISTICS OF 
SOME MAXIMALLY FLAT, BRANCH- 
LINE COUPLERS ; 


Immittances of these couplers are 


given in Tables 13.12-1 and 13.12-2 


B16 


couplings Py 9 Of approximately 14, 6, and 3 db. The graphs are plotted 
against the quantity EAD cane where rv is the guide wavelength, and 
roo 1S its value at band-center. The response is symmetrical about 

(Ay o/A,? = As serthati lags I3otloagwuda ands actually cover the range 
from 0.4 to 1.6, although only the portion from 1.0 to 1.6 is shown. 
For non-dispersive (TEM mode) lines, the guide wavelength Us reduces 

to the free-space wavelength A, and then NolA, reduces to Aj/A = 

f/f. where f is the frequency, and fy 18 its value at band-center 


(also called the center frequency). 


It can be seen from Fig. 13.11-5 that the coupling P, generally 
becomes stronger ie, measured in decibels decreases) on either side of 
ay we 
o/h, 1), and 


correspondingly P, becomes weaker (P, measured in decibels increases). 


center frequency (the curves are symmetrical about A 


The frequency variations of Py and P, for couplers based on 
Tchebyscheff transformer prototypes have been found to be very similar 
to the curves shown in Fig. 13.11-5 for couplers based on maximally 


flat transformer prototypes. 


SEC. 13.12, TABLES OF IMMITTANCES OF SYNCHRONOUS 
BRANCH-LINE COUPLERS 


It was-shown in Sec. 13.11 how to determine the quarter-wave 


transformer prototype parameters R, wo, and the number of sections n 
(corresponding ton t+ ] branches). The computation of the coupler 
i 8 . i P 
immittances ny and AL CFigs 21370920) hrs Table 13.12-1 
quite tedious, and will not be treated BRANCH-LINE COUPLER IMME PTANCES 
: : : : cnet AF = =o iWO BRANCHES 
here, The design process is simplified pe oe eee ET NTN) ANCHE) 
by the use of a special chart,!! which Moka awa aa Pood 
eve pita ies || 
can handle any transformer impedances, R en Uo Pee 
\ 0 
In practice, it is likely that maximally Pie bak CE eG 
a 1.2511.006 | 0.1119} 
flav and Tchebyscheff transformers | 1.50 1.021 | 0.2040 | 
: POR a 
(Chapter 6) will usually be taken for 2.00 1.051 | 0.3535 | 
Pea | 
: : , Pa 108 | 0. 4732 
prototypes; the immittances H_ and K | SA las ee 
; ; 5 : 300.) 1.155 | 0.5775 | 
derived from such transformers were | 4.00 1.250 | 0.7500 | 
computed on a digital computer and are | 5.00} 1.341 10.894 | 
{ 
6 ’ “ Oe LLLP ae Pe ERAN ea 
tabulated in Tables 13.12-1 to 13. 12-8. Ae eae ee 
| 8.00] 1.592] 1.238 | 
Most cases of practical interest can be [10.00 | 1.739 1.4272 | 
obtained from these tables by inter- —-t-4 -. - 
' SOURCE: IRE Trans IGHTT (see 
polation. Ref. Lk py Leo Yous x) 
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Tabte 13.12-2 


IMMETTANCES OF MAXIMALLY FLAT BRANCI-LINE COUPLERS FOR j 
n= 2. O28) SECLIONS CHINE. TO NINE BRANCHES) 


- 0206 
. 0606 
1067 
.1$-46 
. 2499 
. 3416 
- 4288 
5909 
tse 


a ns 
seo 

ee fence eet beet fine genes teat ot ee” 
——SOoocooof 


Ie 1.0176 4 0. 0. 
1. POST f 0. 0. 
Me 1.0907 Ee 0, 0. 
Tee 1.1307 ; (lar 0. 
a 1, 2093 : OFZ 0. 
i, 1.2835 : 0. : 0. 
ie 1, 3530 ; OF! ‘OF 
Me 1.4795 : O2% it, 
re 1. 5924 ; &. i, 
n= 5 

Od hate i 1.0206 O.0124 4-0. 6. 

27001 lS 1.0600 0.0206) 0. One 
250} 0 1. 1. 1067 0.0264] 6. 0. 
| nO mee HS 1.1546 0.0306] 0. e. 
4.00} 1. TE 1.2499 0.0363] 0.2 Us, 
500) 1. ih 1.3416 0.0398] 0. (i), 
GQn00 ls ue 1. 4288 0.04227 0. 0. 
8.00] 1. he 1.5909 0.0450} 0. 0. 
10.00] 1. ip 1.7392 0.0464} 0.2 le 

Cee ran 

be 1.00t2{¢ 1. 0. Oz 
: TROO0BStI ON: 0. 0. 
1.00614 1. (Oe 0, 

1.0986 f 1. 0. 0.2 
LiGise ey. 0. 0. 
ite Teor eal le 0. 0. 
GOON MTS OLOBE TENE (). 0. 
8.00} 1.0: Te 0. De 
We 1. 0. 


1.6037 | 1.0143 | 1.0206 
1.9137 | 1.0419 | 1.9696 
0030) 1.02% | 1.0731 | 1.1067 
-0043-) 1.0334 | 1.1048 1 1.1546 
0066 | 1.0516 | 1. 1662 | 1.2499 ea 
0086 |- 1.0678 | 1.2233 | i. 3436 0. 26124 0.5509 
POVORE VO822 bh les2i59 po teas 0.2898 | 0.6431 
1.1067 | 1.3699 71,5908 0. 3339 | 6.8090 
e270 (es Se Warsow 0.3672 | 0.9574 


a 


ie 1.0027 | 1.0101 | 1.0190 | 0.0015 0410 7 0.0895 
Ae 1.0079 | 1.0293 | 1.0559 0.6743 10,1558 
us 1.0135 | 1.0508 | 1.0982 0.0969 1 0.2100 
i YO19a PL O72 t 5) ge r4)9 ae Oy DtG yi 2567 
1.0 1,0295 | 1.1134 | 1.2282 0.0306 ¢ 0. 1408 | 0.3357 
Ne 1.0386 | 1.1508 | 1.3104 0.0402 10.1595 | 0. 4021 
10s 1.0467 | 1.1846 | 1.3881 0.0227 | 0.1737 | 0. t601 
ie 1.0603 | 1.2436 | 3.5308 OHOPT | OLTIBS 1 Osa vd 
1. 1.0715 5 1.2940 | 1.6598 


0.9174 | 0.2078 | 0.6426 
bes 69 


SOURCE: JRE Trans. PGMTT (sce Ref. 11 by Lew Young) 
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Teble 13.12-3 


IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN wo = 0.20 
q 


ee 


= 
D> amar nm & Ww uN = 


SOURCE: Tech. Note 3, Contract 


1.0048 1.0177 
1.0140 1.0519 
1.0241 1.0909 
11,0541 Lees 
1.0827 1.2099 

1. 0692 1.2844 
1.0837 13545 

1. 1085 1.4914 
rh I 1.5949 lie 


( 
{ 


(Nee er CY ey =) 


} 
1s 


. 0256 
0426 
0547 
. 0636 
. 90760 
. 0839 
0894 


0962 
1000 


SRE (see Ref. 22 by Lev Young) 
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O25610 § i. leds 4 
= § ~ “tan | 
6NG2937° fF SB eZ 
7) Oa) \ ESRI Ee Penn 


A£30(602)-2392, 


Table 13.12-4 


IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN Sone ¢.40 


ad ea 


a=2 
1.50 1.0159 0. 1061 0. 
2.00 1.0464 0.1807 0.: 
2,50 1.0811 6. 2376 0. 
3.00 1.1166 0.2835 0. 
4.00 1.1857 0.3543 0. 
5.00 1.2503 0.4078 0. 
6.00 1.3102 0. 4506 l. 
8.00 1.4181 0.5162 1. 
10.00 1.5132 0. 5655 Is 
n= 3 
1.50 1.0095 1.0206 0. 0. 
2.00 1.0275 1. 0606 0. 0. 
2.50 1.0477 1. 1067 0. 0. 
3.00 1.0679 1.1546 0. 0. 
4.00 1.1061 1.2499 0. 0. 
5.00 1.1407 1.3416 0. 0. 
©. 00 1.1719 1. 4288 0. 0. 
8.00 1.2260 1.5909 0. rt 
10.00 1 2718 1.7392 0. t 
n= 4 
1.50 1.0178 0.0276 0. 0. 
2.00 1.0523 0.0459 0. 0. 
2.50 1.0917 0.0590 0.: 0. 
3.00 1.1323 0. 0688 07: 0. 
4.00 1.2119 0.0823 0. 0. 
5.00 1.2873 0.0911 on 0. 
6.00 1. 3580 0.0972 0. 0. 
8.00 1.4869 0.1048 0. i, 
00 1.002 0.1093 ff h. 


ew 
i=) 


SOURCE: Tech. Note 3, Contract AF30(602)-2392, 
SAE (see Ref. 22 by Leo Young) 
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Table 13.12-5 


IMMETTANCES OF BRANCH-LINE COUPLERS FOR a = 2, 3, AND 4 SECTIONS 
(THREE, FOUK, AND FIVE BRANCHES) WHEN Aes 0.60 


ConA WN & ww tsa = 


~_ 
Qo 


a wmDN & wn ty ee 


_ 


‘a 0.0313 an 1012 2 | 0. 12 | 

Ne 0.0522 0.1746 | 0.2533 | 

1.0930 0. 0672 | 0.2332 wees. || 

P1342 0. 0785 0, 2824 0.4327 | 

2152 0, 0942 0.3630 0.5853 | 

1.2920 0.1046 0.4283 0.7228 

1.3641 0.1119 0. 4836 0.8500 

Pel 339 1.4960 0.1244 iy) 10825 | 

& 00 0 | 1. 1600 t. 643 | vient fo 6486 |, 1.2944 | 


SOUNCE: Tech. Nute 3, Contract A$30(602)-2392, 
SRI (see Ref. 22 By Leo Yousg} 
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Table 13.12-6 


IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WIEN ie 0.80 


oe co G 


a 
ra) 
Sl 
wt 
ES) 


aon & Ww NM A 


Ce 
2S iy, 8 Eb ne | pate eee eae ee es 
to 
S 
isa 
is) 


— ee OO 


— 
So 
(=) 
o 


1. 0679 0. 
is 1147 0. 
; ie 1495 0. 
ib 1768 0. 

vs 2175 |. 0.5324 

1. 2468 0.6476 

i 2692 0.7513 

Pie 3020 0.9353 

ie 3254 1.0975 


1.50 \. ORES: 1.0184 0. 0.0997 0.1339 
2.00 1.0199 1.0540 0. 0626 0.1724 0.2368 
2.50 1, 0344 1.0947 0.0808 0.2309 0.3251 
3.00 1.0489 1.1308 0.0947 0.2803 0.4045 
4.00 1.0763 1.2196 0.1143 0. 3620 9.5472 
5.00 1.1009 1.2983 0.1276 0.4288 0.6757 
6.00 1.1230 1.3725 C.1372 6.4860 |} 0.7946 
2.00 1.1614 1.5083 . 0.1501 0, S813 1.0119 
10.00 1.1939 1.6306 0.1582 0.6598 2097 


SOURCE: Tech. Note 3, Contrace AF30(602)-2392, 
Sity (see Ref. 22 by Leo Young) } 


Table 13.12-7 


IMMITTANCES OF BRANCH-LINE COUPLERS FOR a = 2, 3, AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN yes 1.00 


n= 2 

1.50 1.0123 0.1354 0.1373 

2.00 1.6537 0.2326 0.2418 
1 62.50 1.0944 Of3091 || 023303 «| | 

3.00 1.1364 0.3728 | 0.4090 

4.00 1.2195 | 0.4759 | 0.5489 { 
| §.00 1.2990 0.5590 0.6708 
[re o0\ 3742 | 09.6294 | 0.7824 
i 8.00 1.5133 0.7463 0.9821 | 

19.90 1.6397 0.8432 1.1595 | 


Ve 
fe 
es 
Sh 
4. 
Se 
6. 
8. 


ee ed ed 
ee ee ea Coe +e. coe a 
— 
Ww 
to 
— 


OF 
0. 
0. 
0. 
0. 
0. 
OF 
0. 
0. 


~ 
Q 


1.50 1.0084 1.0188 0.0472 
2.00 1.0246 1.0552 | 0.0794 
2.50 1.0426 1.0969 0.1030 
3.00 1.0007 1.1490 0.121) 
4.00 1.0952 1.2251 0.1476 
5. 2 Liizor i ies) 
6.00 1.1554 yuNes9 
8. 60 1.2057 0.1994 
10. 00 1.2490 5 ely 
see ees 


SOURCE: Tech. Nete 3, Contract AF30(602)-2392, 
SHL {see Ref. 22 by Leo Young} 


Table 13.12-8 


IMMITTANCES OF RRANCH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN we 1.20 


Conn tf? WwW HN = 
o 
lo) 


—) 
So 
o 
o 


CONAN F & NH tH 
ee 


i 
S 
i=) 
o 


n=4 
1.50 1 ie 0. 0.1047 
2.00 1 ie 0. 0.1851 
2.50 1 ANG 0. 0.2539 
3.00 } NS 0. 0.3157 
4.00 le 1. 0. 0.4263 
5.00 1 1. 0. 0.5256 
6.00 1 12 0. 0.6171 
8.00 1 Le 0. 0.7837 
10.06 | 1 1. 0. 0.9345 


SOURCE: Tech. Note 3, Contract AF30(602)-2392, 
SHI (see Hef. 22 by Leo Young) 
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The notation for the immittances Hand Kis shown 1th bigs bs 09> 26 
For a coupler with series 7T-junctions, Hand K , are both characteristic 
impedances (e.g. for E-plane junctions in waveguide); for a coupler with 
shunt 7-junctions, H, and. K are both characteristic admittances (e.g.» 


for coaxial or strip transmission lines). 


SEC. 13.13. EXAMPLES [LLUSTRATING THE DESTGN AND 
PERFORMANCE OF SYNCHRONOUS BIRANCII- 
LINE COUPLERS 


Example—A 3-db couples is to have an input VSWR of less than 1}. i0 


and a directivity in excess of 20 db over a 24-percent fractional band- 


width. 

From Fig. 13. 11-1, when Pio” Sab. then! Ger hq. M3 llabea hh = 5. 84. 
Try a two-branch coupler first, corresponding to a single-section, quarter- 
wave transformer prototype (a = 1). From Fig. 13. 11-2, iy =p eb for 
Heewl So.that the prototype fractional bandwidth must be w/e = 


24/0.64 percent, or nearly 40 percent by Fq. (13.11-3). The maximum 


VSWR of a single-section quarter-wave transformer of # = 6, and a 
0.40, is 1.86, frem Table 6.02-2. It follows. from Fq. (13. 11-4) that 
Vinx Of the coupler would then be considerably ypreater than the 1. 10 


specified. 


Try a three-branch coupler next, corresponding to a two- section, 
quarter-wave transformer (rn = 2). From Fig. 13sii-2, 8 = 0.62 tor 
n = 2, so that the prototype fractional bandwidth must be 24/0.62 percent, 
or almost 40 percent, Now the maximum VSWR of a two-section quarcter- 
wave transformer of f = 6, He 0.40, Hs 1. Vio from Table 6.02-2.. For a 
peo scoupler, Eqe 013.1124) yields Von be PM ete nme d dee elute tate re MS Gay tec 
is below the 1. 10 specified. Tie darecvivety) Crom hq, hoo klibi) wada).be 
Perce than 20) log, 40.04) - 2... = 25 db, which exceeds the 20 db 


speci fied, 


Thus the prototype quarter-wave transformer wiii sn this case have 


O 
th 


two sections (n = 2), KR = 5.84, and bandwidth Wei Ue402 8) Slice 
ponding branch- guide coupler design can be cbtained by interpoi ation from 


Yabie 13.12-4. 


if we may use Fig. 13.11-5 as a guide, then over the 24-perce: ya 
specified, this three-branch, 3-db coupler would be expected to change 
and P,, by a little under 0.3 db, Phus 


each of its couplings, P, s 


825 


“Pigs V3.d}-ler Ede Cl3ehl-1)% 


the coupler were designed to have 3-db coupling at center frequency (corre- 


sponding to R = 5.84 picked before), then Py would goto 2.7 db and P, to 


3.3db at the 24-percent band edges. ithe speci facation required both P, 


db of 3 db over the 24-percent band, 


and P, to be maintained to within +0. 15 
then the couple 


or generally to optimize the balance over the band as a whole, 


would be designed with P, 9 = 3.15 db, corresponding toR = 5.7, by 
With this choice, and from Table 13.12-4,. 
a2 9025 Hye ORt26 305, Ls 1.C844 


Ky ge Pare ik eee 


The performance of this coupler was analyzed by computer and is reproduced 
in Fig. 13.13-1. [tis found to conform very closely tothe specifications, 


(Again, this is plotted only four one side of band-center, since the response 


From Fig. 13.13-1, the analyzed performance 


maximum VSWR, 1.07 (1.08 was predicted), 


is symmetrical as plotted.) 
over the 24-percent bandwidth is: 


minimum directivity, 26 db (25 db was predicted); couplings P,; and P, 


both within +0.2 db of 3 db (40.15 db was predicted). 


Comparison of Synchronous and Periodic Couplers—The maximum VSWR 


and the coupling unbalance of several 3-db‘ periodic couplers was given in 


: “HFEF 


DIRECTIVITY —— D (6b) 


vSwR v 
cme Soa 
ere | 
ae 


Ago /%g 
A- 3478-09 


SOURCE: IRE Trans. PGOMTT (sce Ref. 1! by Leo Young) 


FIG. 13.13-1 COMPUTED PERFORMANCE OF A THREE-BRANCH (n = 2) COUPLER 
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Tables 13.10-2 and 13. 10-3 for three particular vable 1313-1 
bandwidths w,. Nene of the periodic couplers couid PEMFORMANCES OF THREE 
be designed for any particular bandwidth, and the SYNCHRONOUS 3-db COUPLERS 


performance of any one coupler simply degenerates DEE DU ASHANGIES 


slowly as its operating bandwidth is increased, FRACTIONAL 
3 | BANDWIDTH 


(For instance, the VSWR ripples keep getting 
bigger.) ‘To improve the performance over any par- 


ticular bandwidth one can increase the number of 


branches (but avoid an increase from an even toan SOURCE! Tech. Note. 3, ; 


Contract AF 30(602)-2392, SKI 


odd number of branches). Rta Te le avoie,) 


By contrast, synchronous couplers have a elearly defined pass baad over 
which at Least their VSWIKan' directivity is optim zed. Three different four- 
branch synchronous couplers were obtained from the tablesun Sec. 13.92. ach 
has n=3 andR= 5.5, andtheir several transformer prototype bandwidths ate 
wy : ,40 (Gase 1), Blink 0.60 (Case 2), and Oe 0.80 (Case 3). ‘These 
three couplers give about optimum performance over bandwidths of 


Be O16, ee = 0.28" athe es 0.48, respectively, corresponding to the band- 


6 6 
widths ia Tables 13.10-2 and 13.10-3. ‘The maximum VSWR and coupling unbaiance 
over their respective ;ass bands is shown in Table 13.13-1.. A comparison with 
Tables 13.10 2 and 13.10-3 shows chat the VsWitof the four-branch synehronous 
couplers is as good as (or better than) that of the cight-branch periodic coupler. 
There is alsoa slight improvement in the coupling unbalance over the four-branch 


periodic coupler, 


SEC. 13.14, DESIGN OF AN EXPERTMENTAL BRANCH- LINE 
COUPLER IN WAVEGUIDE 


The design of a 6-db coupler in waveguide will now be discussed. A proto- 
type transformer having n - 4 (five branches), R= 3 and Ww =~ 0.10 was selected. 
At that time! the tables imSec. 13.12 were not avai lable andthe tol lowing 


OT 


Samrutaices were calculated by charts;" UNe more exaet valurs from 


Table 13.12-4 (ret used in the construction) are shown in parentheses: 


Kee ele 0" UCL 0) Hy 0.9070 (0.0683) 
eee 056 10367) Ny O27 ia nas, > (13.34-1 
K, Pele eG 132 3)) i, OSG (ORES I) ad 


ft was verified by analysis on a digital computer Chat the Se ee 
from the tables (in parentheses) would give a slightly mmproved coupler, 
improvement was, however, not large enough to warrant Che expense o f bua ldrug 


anew model. it was also demonstrated"? chat the performance of this 
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SOURCF: IRE Trans. PCMTT (oee Ref. 1 by Leo Young) 
FIG. 13.14-1 PERFORMANCE CF FIVE- BRANCH (n = 4) COUPLER 
Lines are computed; points are measured on experimental 
mode}s shown in Figs. 13.14-3, 13.14-4, and 13. 14-5 
coupler could be predicted accurately. ‘The details of the calculation are 


similar to the example in Sec. 13.13, and are not reproduced here. 


The computed performance of this coupler is shown in Fig. 13. laats | the ex- 


perimental points are plotted in the same figure, and will be explained below. 


Construction and Experimental Per formance—— the coupler was to be con- 
structed in S-band, with rectangular wavepuide outputs of 2.840 inches by 


1.420 inches. ‘Ihe center frequency was to be 2975 Me. (therefore, A,9 = 5.54 inches. ) 


Since waveguide T-junctions are series junctions, the immittances 


K, and H, are impedances; however, since waveguide T-junctions are not 
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perfect series junctions, they can be represented by an equivalent cir- 
cuit such as is shown in Fig. 13.14-2. (This is the same circuit as 
Fig. 6.1-2 on p. 338 of Ref. 20.) At any T-junction of the coupler, 
Kai 


so that K,, in Fig. 13.14-2(a) was set equal to thet r urithmetic mean 


and K, are generally not equal, although they diffir only slightly 
Gh et Kae Similarly the wave-guide height substituted into the 
graphs of Ref. 20 to obtain the T-junction properties was b,, = (b,_, 4 
be, and the juncticn was treated as if it were symmetrical [see ‘ 
Fig. 13.14-2(a)). 


The waveguide heights (their b-dimensions) were fiest taken as pro 
portional to the respective K or ff values (fq. 13.44-13; they were fixe 
by the b-dimensions of the four ports, which were cach equal to by = 
1,420 inches. ‘This determined the b-dimensions in the through-guides 
without further adjustments, but the b-dimensions of the branch guides 
had to be further increased to allow for the transformer factor denot 


by n? in Ref. 20 (no connec- 


tion with the number of sec- aH 
: ae R : if 
tions, n). This factor was " 1 424, : 
t 1 : 
s gad i 
found from Table 6.1-10 on MS ne a 
: ‘ ie : : 
p. 346 in Hef. 20, and the eats Koy Koy 
branch b-dimensions, were in- Srey alors Hawg tars Pe a 3 
/ 2 ip : REAC TANCE 
creased by a factor I/n*. (NEGLECTED) 
Since this. changed tie junc- (9) SYMMETRICAL JUNCTION 
; 8 J ; 
tion dimensions, the quantity 
2 ‘ a Hy r 
-n® had to be worked ont again, ! 
and more times iff necessary = 
(usually this 1s not neces- 
Ki, . ; 
sary) until each product of i _ 
n? and the branch guide RE ACTANCE 
é z 6 (NEGLECTED) 
b-dimensiton was proportional 
(b) UNSYMMETRICAL JUNCTION & 
to the appropriate impedance Hf. 
ne 5 bs ie Sai : ‘am 
Finally, the reference plane Over Sov ae 
positions, d and d’, of each amg 
junction were determined 20 SOURCE: ‘Tech. Note 3, Contract AF 30(002)2392. SRK 


(see Ref. 22 by Leo Young) 


(Wig. 13.14-2). 


FIG 13.14-2 EQUIVALENT CIRCUITS OF 
T- JUNCTIONS 
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SOURCE: IRE Trans. PGMTT (wee Ref. 11 byLeo Young) 


FIG. 13.14-4 EXPLODED VIEW OF S-BAND, EXPERIMENTAL FIVE-BRANCH, §-db COUPLER 
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to 1.340 inches, so that standard WR- 284 waveguide test equipment could 
be connected. The depth of all the channels is half of 2.840 inches, 
or 1.420 inches. The two pieces shown in Fig. 13. 14-4 were finally 


superimposed and bolted together to form the 6-db coupler. 


The measured performance of the completed coupler is shown by the 
light points in Fig. 13.14-1, which go with the frequency scale (A) near 
the bottom of Fig. 13.14-1. Plotted on a A oo/A, scale, the points 
fit the computed curves very closely; however, the center frequency is 
3125 Me instead of the design value of 2975 Hc. This discrepancy is 
thought to result from the relatively large b-dimensions which, for 
instance, make the length cf an outline edge on the two center squares 
in Fig. 13.14-3 only abows one-seventh wavelength. Thus, non-propagating 
higher-order modes could be set up, giving rise to interaction effects 


at such close spacings. 


All branch lengths and spacings, nominally one-quarter wavelength, 
were then scaled in the ratio of the guide wavelengths to reduce the 
center frequency from 3125 to 2975 Me, and the coupler was tested again. 
Its center frequency moved down as expected, but the coupling there 
became stronger, going from 6.1 to 5.8 db. Since the coupling becomes 
stronger still at off-center frequencies, it was decided to reduce the 
branch heights to weaken the coupling by 0.5 db at center frequency, 
changing the 5.8 db to 6.3 db coupling. The new dimensions calculated 
are shown in Fig. 13.14-5. The measured results are shown by the black 
points in Fig. 13.14-1 which go with the frequency scale (B) at the 
bottom of Fig. 13.14-1. It is seen that this coupler gives the desired 


center frequency, and its performance closely follows the computed curves. 


Power-Handling Capucity-—-All edges orthogonal to the electric field 
of the TE,, mode were then rounded off to increase the power-handling 
capacity. The edges of the eight rectangular blocks were rounded to a 
radius of one-eighth inch, the edges of the four outside blocks, on the 
faces defining the outside edges of the narrowest branches, were rounded 
to a radius of one-sixteenth inch. These radii were estimated from 
Fig. 15.02-5 to reduce the fretd strength at the edges to less than 


double the field strength in the waveguides, 73 


Any further rounding 
would have helped very little. The performance of the coupler with 
rounded edges was measured, and found to reproduce the performance shown 
in Fig. 13.14-1 to within experimental accuracy. 
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SOURCE: JRE Trans. PGMTT (see Ref. 11 by Leo Young) 


FIG. 13.14-5 DIMENSIONS OF $-BAND, FIVE-BRANCH, 
6-db COUPLER AFTER MODIFICATIONS 


It was estimated” that this coupler should handle about 39-percent 
of the peak power handled by the waveguide. ‘This is chiefiy determined 
by the radii of the T-junction corners. In WR-284 waveguide, this 
corresponds roughly to 1.0 megawatt. The coupler was tested! at high 
power using a 3.8-microsecond pulse at 60 pps, at a frequency of 2857 Me, 
With air at atmospheric pressure, no arcing was observed with ] megawatt 


peak power. 
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CHAPTER 14 


DIRECTIONAL, CHANNEL-SEPARATION FILTERS 
AND TRAVELING-WAVE RING-RESONATORS 


SEC. 14.01, INTRODUCTION 


This chapter discusses a particularly useful type of aultiplexing 


filter, called a directional channel-separation price? which is used 
to combine or separate’ signals of different frequencies. In addition, 


Palonmation is presented on a closely cre - aby Sa a 


- PORT 4 see GORA 8 
lated structure, the traveling-wave ring- DIRECTIONAL 
Pe Se ode , FILTER 
resonator. This is a passive power- PORYHI PORT 2 
multiplying device which has found wide ac- 
(a) 


ceptance for the high-power testing of 


components. 4,5,6,7 


The directional filter is a four-port 
device having the theoretical insertion 
loss characteristics defined in Fig. 14. 01-1 
when each port is terminated in its charac - 
teristic impedance. Power incident at 
Port 1 emerges from Port 4 with the fre- 
quency response of a band-pass filter, 
while the remaining power emerges from 
Port 2 with the complementary frequency 


response of a band-reject. filter. No power 


emerges from Port 3 and none is reflected 


from Port 1. This type of performance 1s (c) 
RSS aes 
obtained in an analogous way no matter 
Phaeh of the four ports is used as’ ¢ he in- SOURCE: Final Report, Contract 
; IA 36-099 SC-O4025, SHE 
pub port fice., the ports can be renumbered reprinted in Proc. IRE 
(see Hef. 1 by S$. Bo Cuba 


analogously with the new Port J as the new and B.S. Coale) 


input port, and Figs. 14. 01-1(b), (ce) would 
FIG. 14.61-1 ATTENUATION 


Moe apply). The frequcney response shown PROPERTIES OF 
in Fig. 14.01-1(b) as typical of asingle- DIRECTIONAL 


. . . \5 Te S 
feeonator directional’ Tulter, while that FILTERS 
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of Fig. 14.01-1(c) is typical of a multi-resonator directional 


filter. 


The midband insertion loss, between’ the ports having the band- 
pass frequency response, of an actual directional filter employing 
resonators with a finite unloaded Q is the same as that of a two-port 
band-pass filter having the same frequency response and utilizing 
resonators with the same unloaded Q. The midband insertion loss can 


be computed by the methods given in Secs. 4.13 and 11.06. — 


Figure 14.01-2 gives an example of the use of directional 
filters. In the case of Filters a,-6, and d, the isolated port is 
not aaed However, in the case of Filter c, it is used to permit 
f., and fy to appear at a common port. Because the directional filter 
is a reciprocal device, Fig. 14.01-2 can also be used as an example of 
a frequency combining device if all the arrows are reversed. Count-: 
less other interconnections of directional filters are feasible to 


meet specific requirements. 


INPUT 
SIGNALS 


(fa,to,%e,%a,fe,) 


TASS ST— 446 


SOURCE: Final Report, Contract DA 36-039 SC-64625, SRI; 
reprinted in Proc. GRE (sce Ref. 1 by S. B. Cohn 
and F. S. Coale) 


FIG. 14.01-2 EXAMPLE OF DIRECTIONAL-FILTER 
APPLICATION TO CHANNEL 
SEPARATION 


A variety of directional filters have been devised, although only 
a limited number have found wide application. The most useful types 


are discussed in detail in this chapter and are illustrated in 


Fig. 14.01-3. 


The directional filter shown in Fig. 14.91-3(a) utilizes two 
rectangular waveguides operating in the dominant TE,,) mode connected 
-by means of cylindrical] direct-coupled cavity resonators operating in 


the circularly polarized TE,, mode. Any number of circularly polarized 
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SC-64625, SHE reprinted in Proc. IRE 
(see Ref. 1 by S. B. Cohn and F. 5. Coule) 


FIG. 14.01-3 


can be used in 


this 


direct aonal $2 teri 


The pass band of this type 
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fraction of one percent wide. However, by using spectal coupling 
hetween the rectangular waveyuides, bandwidths on the or 
can be obtained for single cavity filters and bandwidths 


2 percent can be obtained 


3 


for multi-cavity Filters. 
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at 


The high -Q 


at 


cavities used in this type of filter opermit relatively low-loss performance 


for a given pass-band width. 


The two forms of strip-line directional filters shown in Fig. 14.01-3(b) 
and -3(c) have essentially the same frequency response. The resonators in 
these directional filters cannot be cascaded to obtain increased off-channel 
rejection as could those in the previously described waveguide directional 
filter.? Therefore, this type of directional filter is suitable for use 

hes only a Sine le cesonator band-pass frequency response is required be- 
tween Ports 1. and 4. Pass-band widths of several percent are easily 6b- 


tained with this type of directional filter. 


The strip-line directional filter shown in Pig. 14.01-3(d) utilizes 
traveling-wave ring resonators which are typically one wavelength in mean 
circumference at midband. They are coupled to one another, and to the 
terminating strip lines, by means of quarter-wavelength directional 
couplers of the type discussed in Chapter 13. <As in the case of the wave- 
guide directional filter, any number of traveling-wave ring resonators 
can be utilized to obtain increased off-channe] rejection between Ports 1 
and 4. Pass-band widths on the order of 10 percent or more can in principle 
be obtained with this type of directional filter because it is possible to 
tightly couple the traveling-wave rings to the terminating lines and to each 
other. However, in practice, these devices are usually designed for more 
modest bandwidths up to only a few percent. Strip-line construction for 
directional filters, of course, has an advantage of ease of manufacture. 


However, the resonator Q’s are lower so that the losses will be greater for 


a given pass-band width than if cavities are used. 


This latter type of directional filter could also be realized in wave- 
guides using any of a variety of waveguide couplers to connect a waveguice 
ring to the externa! waveguide, but it appears thet this form of filter 
has not been used in practice. A closely related form of waveguide 
traveling-wave ring structure which has been used extensively as a power 
multiplier is shown in Fig. 14.91-4. This structure is formed -from a 
single-resonator traveling wave ring directional filter in which the output 
waveguide has been removed. When the ring, which typically has a length of 
several guide wavelengths, is resonant, most of the power entering Port 1 
is delivered to the large amplitude traveling wave within the ring, while 
the remainder is delivered to the loac. The average power level of the 


wave circulating within the rirg can be made quite high. As an example of 
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FiG. 14.01-4 WAVEGUIDE TRAVELING-WAVE-RING 
POWER MULTIPLIER 


the power multaplication that can be obtained ait NS GONG Clee tol (elie Gin = 

Lennation of a wave traveling once around the ring is 0.2 db and the directional 

coupher has a coupling of ~t6 db, the average power level of the wave circulating 

within the ring is 20 times the input power. ‘Thus, microwave devices such as 

waveguide windows which absorb little power but must be able to operate with high 
“ 


power passing through them, can be tested by inserting them inthe ring ¢4 reuLe- 

while the ring cireuit: itself as excited by a relat Pweiky low-power source 
Anether circuit: which operates as a directional. filter is discussed in 

See. 16.02. This circuit uses two hybrid junctions and two conventLonal 


filters to obtain’ a directional filter type of operation, 


SEC. 14.02, WAVEGUEDE DERECELONAL 
PEL PERS 

This section presents design tnforma- 
tion and measured performance for the type 
of waveguide directional filter allustrated 
rere 11.022). Wihisi(riter uvplrzes two 
rectangular waveyuides operating tn the 
1G, g mode connected by means of cylindrical, 
direct-coupled cavity resonators operating 


in the circularly polarized TK, , mode. 


Couphing between the cavities is obtained 
by means of circular apertures, while a-332 


coupling between the cavities and the ex 


FIG. 14.02-] A WAVEGUIDE 


ternal waveguide is obtained eather by DIRECTIONAL 
: : S4PIN LS UIT AL 
eans of the circular apertores shown or “by FILTER HAVING 


other types of apertures described Pater n RESONATORS 


R29 


At the midband frequency a signal incident on Port 1 excites circularly 
polarized TE), modes inthe various cavities. The circularly polarized 
wave in the nth cavity then excites a TE, , mode in the external waveguide 
traveling toward Port 4. No power is transmitted to Port 3: The frequency 
response at Port 4 18 equivalent to that of a band-pass filter, while the 


response at Port 215 complementary and cquivalentto that of a band-reject filter, 


The shape of the BUceHunt ON response for transmission between Port | 
and Port 4 1s ypoverned by the number of resonant cavities inthe directional 
filper. In fact, any shape of band-pass frequency response, such as those 
shown at the right in Fig. eh ble oe that can be obtained with an n-cavity 
band-pass waveguide filter (Sec. 8.06) can also be obtained with this type 
of n-cavity directional filter. ‘The width of the pass-band response at 
Port 41s typically only a fraction of a percent. However, as explained later | 
the width of the pass band can be increased to several percent by using specially 


shaped coupling apertures between the rectangular waveguides and the cylindrical cavities. 


Yable 14.02-1 as a design chart for the waveszuide directional filter 


shown in Fig. 14.02-?. In this chart the design parameters for waveguide 
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FIG. 14.02-2 SOME LOW-PASS PROTOTYPE RESPONSES AND CORRE- 
SPONDING BAND-PASS FILTER RESPONSES 
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Table 14.02-1 
DESIGN FQUATIONS FOR CIRCULAR WAVEGUIDE DIRECTIONAL FILTERS 


The parameters go, &), 
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where (ce. . Ne is the power coupling factor, end where p is the 
apatite : Pan f 


number of half-wavelengths in the resonators. 


» Bay, 2Fe as defined in Ser. 4.04, while 
and wy are as defined in Fig. 14.02-2. 


(1) 


(2) 


(4) 


(7) 


To determine uperture sizes first compute the polar.zelilities (the 


cyuations given are most accurate for very small aperiures): 


M. 
i+ 
on ieee end n 


Sie eee 
‘ / eat ee 
327A 4 con? (EF 


42 


el) 


2) 


Table 14.02-1 concluded 


where a, 6, and D ure defined in Fig. 14.02-1, and 


= 24. : distance of a small aperture  (7Q) 


apy 
x ag eek x from side of waveguide 
gO 
X~ guide wavelength in cy- 
Noy oo we or Hidde inal wavegtide of (id) 
. i ( ro F diameter D at frequency 
yy eee : 
1.7060 
Ny guide wavelength in rectan- 
AMG Ae = walar waveyuide of width a-at (12) 
6 ir y requency Wp 
{ote ae 
a 


Xo = wavelength of « plane wave at frequency © 


* 
For smal] circular apertures, the required hole diameters are 


approximate ly 


(13) 


Approximate corrections for aperture thickness ¢ and size can be 


obtained by computing compensated polarizabilities 


, 2 

oo ste ier: f,-(U esse 
3UNe ih id airs 2 oN 
(Mie TOM een 1 -(e) es : (14) 


and then recomputing the deat using Eq. (13) and the Me ave 


finn SPE tan el ae Caries es radians 
4 2 yp oh 

0 “0 ? 

(15) 
= electrical distance between irises : 
where 
Xioin 16M set 
7 


0.955D°X' 
ra) 


normalized shunt reactance of iris 


A suggested low-pass to band-pass mapping (Sec. 8.04) is 


ad, ; 2 Co er : 
ay = 2. (2 *2) (16) 


directional filters are specified interms of the band-pass frequency re- 

fponse atPort 4. This band-pass response is related inturi to the coupling 
coefficients ko oy, andexternal OCC and (Q.),, of atwo-port band-pass 
filter having anidenticet frequency response, It tsalso related tothe re- 
sponse ofa low-pass protctype filter having element values tad Sere 
bane : As discussed inScees. 4,13 and 11.06, the increase in midband attenua- 
Peoumhi) al Part. At die Co dissipation ih the @rreuie Gan be computed 


from the provotype element values and the Q's of the resonators. 


The quantity c in this chart is the Square root of a power coupling 
PSCtORs yi Ata svrelatued: to the square of the magnitude of a scattering 
Pochiacaent, (See.y 2.129) as, deLined-in Pugs. SS hOST land S0lG4 Por For 


. . Dh . - . 
example, the power coupling factor Vey), SOU MCeN ree kc anarires: 1, ant 


fees lans defaneihias iy blows 9 lay cavity © TP be extended in length and 
a matched load* inserted inside. Let cavity the cut intwo and power fed 


Pog bes Sots otis Fronkacdldinear by orcircularly polarized matched generator. * 


Been sthe, ratio of alel powed adiebi veredows Ue Poad ‘ta! Uhni available from 


oe » : : . 9 + yee c 
the penerator is an A ee which is the same as LS eee Piliihal eee hs Syyul ONS TA. 
ri ’ . 
The power coupling factors Cees and Sa he are defined ina a 


Similar way. Again we assume that Cae ty number | is extended and a 

gmatvohed Lload* inserved-insides o> hirkewrsee a watched doad*® js placed at Port 2 
and a matched yenerator*® is placed at Port Mm  ahhe ratio of the tetal power 

in the circularly polarized wave delivered to the load tn the cylindrical 


A : b aro) Pay RIE ore 5 
guide to that available from the generator is COR a oy) ete He PG Dien Sei) Gait 


is 1S | 2 t Ls | 2 where for the case .of cireular polarization 
cage He : 
cae | . 
A Ss : 
lag! ce 
Pulp aehnca Ll  alulwcacess yo hes hegitlooete t Ieledeit es. is approximate | 
one-half guide wavelength, Les: at midband. lowever, the cavities can 23 


principle be designed to be wpproximately an integral number p of half 
guide-wavelengths long. The exact elecirical length Nec Wt hie! aval t erst 
Poesy ih Uieuchwrt. 18. Peauced: somewhalol oat be value art 180 p 


degrees because of the stored magnetic enener cin the vooupling apertures 


fn order that a PUTS Cuco han Vapor iced mivemires Tajdineed) va whe 
cylindrical cavities, it} is necessary, when ustng circular coupling ap 


tures between the end cavities and the rectangular Wavegurdes, to offset 


Pie sdk is of the cavities sas diatance co fremvihe wiate od the vectangular 


guide as given in Tobie i14).02-1.0 tn othis) case la perio ty wr rie tar by 


* “Matched” as used here refers tu matching the guide impedance. 
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‘larized wave is induced only at the design center frequency, although 
e wave is nearly circularly polarized over the range of pass-band fre- 
encies. A type of coupling arrangement using three slots that produces 
essentially circularly polarized wave in the cavities® over a much 
Jer frequency interval 1s shown in Fig. 14.02-3. In this arrangement 
axis of the cylindrical cavities coincides with the axis of the 


‘tangular guides. 


Waveguide directional filters having larger bandwidths can be ob- 
ined by using large coupling apertures of the types shown in Fig. 14.02-4. 
dimensions of these apertures are too large to be computed very ac- 
rately using the small-aperture coupling data presented in Chapter 5. 
wever, in the case of the two-slot configuration in Fig. 14.02-4(b) 
ethe’s theory can be used to obtain a first approximation for the coupling 
lots, and then corrections can be wade after experimental tests. If My 
is the magnetic polarizability of the transverse slot in the transverse 
direction while M, is the magnetic polarizability of the lonzitudinal slot 


in the longitudinal direction, then according to Rethe’s small aperture 


theory 
an pokes I3a3bd* 
Meee ae za (14,02-1) 
~ 1X 4 Ne ; : 
3 i -—) Ji(k r,) 
sin ; 1 5 
and 
PER ree 
AA sin aaa) = 
& a bk rs 
haere bo eee Tue Cees 
za) | CR.) al 
sy — ooo 
~a@ COs ( a Jy (k Ua) Lae 
¢ 1 . 
where 
nN, = guide wavelength in rectangular guide 
Ma = guide wavelength in circular enide 


a = width of rectangular guide 
b = height of rectangular guide 


2° ¥y and x, 
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“ A-$527-95) 


Assuming small apertures, tue cenditron for erreular polarization 1s 


¥, Sey Mao ze AWE orgies, LUBY ee et ey) 
Be ee eS 
y sr eihh Dafoe es My Ts wr AlnC TWN ce nein 
1 Vo g0° 1 2 z 
MT] > magnetie polarizabrilety of each transverse slot 


[Pig. 5.10-4(a)] 


Mo = magnetic polarizabsiity of che jongitudinal stor 


(Fix. 5.10-4(a)] 


yutde waveleneth on rectampolar guide ato midband 


frequency 


ae aA Dar Ny B 
& tolerance factor: shen 7 Y.80 the axyeei wayia 
mothe crreular guide as less than 1.02 from 
x, E H.S22, ta 6. 2h2). The desven center value 
CRIMEAN sige AUC. CeRESS OR Ue (eee bon 
gv i 


Under this condition 


; we 8 an : 
187A M5 sin” ('8Or,/a) lJ (i1,)!? 


c Sh ES oe Safes Se ee See eee ee 


ful 


guide wavelength an cireulacly polarized cavity 
ato maidhana 


SOURCE: Proc. IkE (see Ref. & by S. B. Coban) 
FIG, 14.02-3 APPROXIMATE DESIGN EQUATIONS FOR A BROADBAND, 
CIRCULAR-POLARIZATION COUPLER 


The axial ratio is the ratio of the field strengths Ey and Es 
at right angles to each other 
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SLOT 2 
LENGTH > €, —~_ 


WIDTH «@ wy 


ae 
SLOT j 
LENGTH® £, 
WIDTH » w, 
(b) TWO — SLOT COUPLER 
% 

(c) LARGE CIRCULAR HOLE COUPLER a 
8-3927- 452 ‘ 


FIG. 14.02-4 APERTURE CONFIGURATIONS tiAVING LARGE COUPLING 
FACTORS 


are distances as indicated in Fig. 14.02-4(b), k, = L.84/R, and ¢ is the 
square root of the power coupling factor and is equal to Co, OF c, a 
obtained frow ty. (5) GF By. (7)? of fable-14.02-1. The Gram dimensions 


of the slots can be obtained from Fig. 5.10-4(a) along with the thickness 


and size correction given by Eq. (5.10-6). Cut and try refinement of 
slot dimensions can then ve achieved using experimental techniques | 


described later in this section. 


Table 14.02-2 shows the final dimensions and measured performance | 
for several aperture designs of the types in Fig. 14.02-4. ‘These designs 
all have reiatively tight coupling, but that of the two-slot configurations 
is decidedly the tightest. The axial ratio referred to in these data i8 
the ratio of field strengths at right angles to each other in a plane 
perpendicular to the axis of the circular guide. For perfect circulape 
polarization the axial ratio is one. Figure 14.02-5 shows the measumem 
power coupling and axial ratio as a function of freguency for the two-sla 
configuration whose dimensions are given in the column on the far right 


in Table 14.02-2. 
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TYPICAL COUPLING PROPERTIES OF LARGE 


Table 14.02-2 


APFRTURES FOR 


WAVEGUIDE DERPCTLONAL FELTERS at y~ = 9780 Me 
“4 Wt te a ee Sk Saar ee ae aS ; : ee. ae ae cow, fay or} 
CIRCULAR HOLE Whe. “CHANGUL AR fee SLOT COUPLER ETWO-SLOP COUPLER 
Peiaig log. 4(e)] |i (APERTURE if Neer Poe. Lane ay) 
t Pig. 14.02- -4(0)] BETES ER SU a Ea RACH Soha ed 
et aoa hebe ee Rennes peat : fan PU: ene fe ce seattle ml 
d = 0.440 be 0.442 i, = 0.461 fee OL oLD | 
Ane : ' 
H x = 0.20% 1, = 0.450 w,  G2136 w, = 0.136 
from side wall i i i : 
| bigs wipers nea 20.518 in es saa ticker 
Ue gee a = from cehter bine | > 
| hate | i Wy) Uae gia) aye 
Dimensions Da 1.i4 ee ae bg | . att F i 
{inches ) | eye ey CaN age 
' i | = {¥ 420 ‘ Q) 326 
} | 2 as 1 
is ! oy _ 245 | ee 0.243 
a 4 | 
' Q.077 = a 
| ro 077 | ry ).G | 
= 0.554 R= 0.554 
R= 0.55 be 5 
pera a a of bai ~ " Ne _ i : 
| | Lego 
wirture t | | i 
Ss (t) 0.023 ® VES | 8.425 025 
os) | { I 
\ 
ee : boi ele, 1 
Axia} Ratio 1.63 1.04 1208: } Pe 
eal cull ek 
Total Coup ne | | i | 
Factor (d { cad eas sae | “8.5 ; =e ; 
10 lori ge*!) ' | 
date A A her Re . Ue 
VSWR in Rectan- 1 | 
Baie Waveguide 1.05 ! 08 ! 125 Leas 
ee eee J re —- 
: | | 
(O,), 556 194 5 | ee | 
me Ae | | 
te ‘hing ¢ aad Seta ES Acee oh! Mase a EO 
j ira a 2 t { m1 
COUP a gl we pated (uel bens ° 
yer ; \ ‘ aa | ian ' Ped vos i aust 
ag ee Mis eet) Ca OR tele toe A a 
Ovo | i | { " ae Al 1 J 
of | | | ee 
ert | | ' | “ sis ee Noe | i : 
ke, ‘ AX!AL RATIO he ee i 1 H st 
Bi Seppe evista ek leemiapaeen 
S Ce ee 1S Raat wae tal RT a Bvt Fes Des |B LAD F faye’ 
9000 5400 9800 10,200 Renat : 
FREQUENCY -— Me Rice 
FIG, 14.02-5 POWER COUPLING AND AXIAL RATIC OF A PAIR 


OF SLOTS HAVING LARGE COUPLING FACTORS 
The stot dimensions are shown in the column at the 


right in Table 14.02-2 


for 


wi? 


Reais bento. X-band wave- 
guide directional filter of the 
type in Fig. 14.02-6 is photogeapimam 
in assembled and disassembled form 
in Fig. 14.02-7. In this filter the 
cylindrical baviey {which was made 


of brass) was split along its mid- 


Ponti | / PORT 2 plane —a position of minimum longi- 
V } 
Aer tudinal wall current -—so that the 


ualoaded’Q of the cavity was not 


FIG. 14.02-6 SINGLE-CAVITY WAVEGUIDE  ‘aypreciably depraded by, the genni 
DIRECTIONAL FILTER 


The two halves of the experimental 
" filter were held together by a 

C-clamp; however, they could also 
be easily soldered together, The capacitive tuning screws shown in the 
picture were adjusted so that the twe spacially orthogonal] TE,, modes 
that can exist in the cavity resonated at the same frequency. The neces- 
sity for this. tuning procedure can be made plausible if one remembers 
that the circularly polarized mode induced in the cavity can be resolved | 


into spacially orthogonal TE,, modes excited in time quadrature. 


In this filter the terminating guides have inside dimensions 

aq <u), 9000; nch and b= 05400 cimchiwhi homtiic coupling apertures have a 
“thickness t = 0.020 inch: The cavity diameter Do=© 1.114 inch, the coupling 
hole diameters d = 0.414 inch and the cavity height hk = 0.716 inch. The 
axis of the cylindrical cavities was offset a distance x = 0.207 inch from 
the sidewall of the rectangular waveguides. The measured performance of 
this single cavity waveguide directional filter is shewn in Fig. 14.02-8. 
The measured loaded Q, Oe of this cavity loaded at both ends was 249 and 
tlie midband. Cems ta ui Eades = 0.72 db or Chee eee Li ) = 1.19. Usiiigaiam 


eut 
relation 


Dia Guy Pee Ae (14,0235 


which applies for single-cavity directional filters as well as single- 


cavity two-port filters, we find that the external Q, Qi. of the ‘cava 
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FIG. 14.02-7.) VIEWS OF THE SINGLE-CAVITY WAVEGUIDE DIRECTIONAL FILTER 
ASSEMB!_ED AND DISASSEMBLED 
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FIG. 14.02-8 EXPERIMENTAL RESULTS FOR THE 


loaded at both ends is 271. 


loaded at one end as given 


relation that 


the-unloaded Q, Q of the 


’ 
au 


SINGLE-CAVITY WAVEGUIDE 
DIRECTIONAL FILTER 


Therefore, the external Q, OF of the cavity 
in Table 14.02-1 is 542. Again using the 


me ce (14.02-4) 
Qi Q, ee 


cavity is 3030. This value would be a pproxi- 


mately doubled if the cavity had been made of copper or if it were silver- 


plated. 
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“ 


the value of the coupling foccor .( )? computed from the measueced 


“ol 
value Oy iF Lode = S42, Lately TCR ate ab key tiae O2< 1-18 Cane OO OS, 
Heeb, eb db, = Usinp ue * O,414 tach and solving for Coren): ustny Ras. (13) 
und (3) of Table 14,02-] wives oe Fe 2) ino “db, whieh is on unexpectedly 
good agreement with the value obtained frou (O.), considering that the hole 
Peuquice larre cand) is close ito: the side wall. Vechnically, both a large- 
aperture correction and a thickness correction as in OBO ere cee 


Table 14.02-1 should also be applied, but these correetions are very reugh 
approximations and are in this case made to be quite uncertain due to the 
close proximity of the side wall fn such cases, experimental checking 


of the apertures is desirable. Chis was done vn the éase of this design 


by experimentally determining G+) 


\ tworcavity weveguide cditectional fsleuer of the ye id Pas ate alr 
Pig. £4.02-9 was also constructed by modifying the single-cavity filter 
described above. ‘Ihe wodi fication was uccouplisted by rnserting a bength 
of cylindrical guide contain- 


Ing a conpling iris at its 


PORT PORT 4 


midplane, between the two 


halves of the oripinal filter. 


‘the diameter ane of the cen- 
tral iris in this filter was 


progressively enlarged to ob- 


tain first an undercoupled 
Fesponse, then a corrtacalbly 
coupled response and finally 


an overcoupled respunse. bhe 


measured response of these 
filters when critically FIG. 14.02-9 A TWO-CAVITY WAVEGUIDE 
coupled, and overcoupled is DIRECTIONAL FILTER 

Shown to fips. 14.02-10€a) and 

OS -10(b), respectively. A 

tabular summary of the filter dimenstons and performance is presented in 
Mable Vip O2= 3). 


Phe experimentally determsoed centraleiris diameter, Qs Pee Shon 


for critical coupling agreed reasonably well with che INT ORNS = trek 


value computed using the formulas in fable 14.02-! and the correction in 
hy. €5.450-6). ‘The measured midband attenuation Cr da due to dissipation 


in the two-cavity directional filter also agreed well with that calcalate 


BSt 


42 = 0.190 P| 
x 
XO . J 
Lo) = 


to-0.10 9-0. 05 ips fp+005 = ty #010 
FREQUENCY — k&Mc. 
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FIG. 14.02-10(a) MEASURED PERFORMANCE OF A 
CRITICALLY COUPLED TWo- 
CAVITY WAVEGUIDE DIRECTIONAL 
FILTER 


from Eq. (4.13-11). For example, consider the critically coupled or 


maximally flat case having the low-pass prototype elements fare EF AN. 
8, = Bp = 1.414, gy = 1, and 3-db point w = 1, w = 0.00317, and the 
measured unloaded Q, Q, = 3030, as determined from measurements on the 


single-cavity filter, then the dissipation factor (Secu 4.13) Gis 

él a, /wQ, = 6.0104. HKyuation (4.13-11) yields a value of (OLA = 

1.28 db as compared with the measured midband loss of 1.25 db. Nearly 

all of this loss was due to dissipation since the midband VSWR was ‘ 


very low. 


_Four tuning screws were used in each of the cavities for tuning 


-purposes. The technique used to adjust ‘these tuning screws is described 
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FIG. 14.02-10(b) MEASURED PERFORMANCE OF A 
SLIGHTLY OVER-COUPLED TWO- 
CAVITY WAVEGUIDE DIRECTIONAL 
FILTER 


below. Tuning of waveguide single-cavaty directional filters can be 
accomplished in a straightiorward monner. ‘the proper procedicte ts to 
place watched detectors at Port # and Port 2, a watched Load at One| 
and a generator at Port |. Then one adjusts the four equally spaced 


tuning screws for maximum signal at Port 4 and minimum signal at Port 2. 
& bo 5 


In multiple-cavity filters this simple technique is difticuit to 
apply end it is better to use another technique. One such technique con- 
sists of tuning each cavity separately using the apparatus rfiustrated in 
Fig. 14.02-13. In this. apparatus a linearly polarized signal is fed snto 


the cylindrical cavity through a reetangular- to cylindrical-+waveguide 


§33 


Table 14,02-3 


DIMENSIONS AND SUMMARY OF ‘IE MEASURED PERFORMANCE 
OF A ‘TWO-CAVITY WAVEGUIDE DIRECTIONAL FILTER 


ee tn 


UNDER- 
COUPLED 


9775 Mc 


CRITICALLY OVER- 
COUPLED* COUPLED 


9774 Me S774 Mc 


Resonant frequency, f 


Fractiona} 3 db bandwidth 0.00256 0.00317 0.00338 — 
Insertion Joss (at f,)* 0.90 db | 1.25 db 10.95 db 
VSWR at fo 1.10 11.04 
Maximum VSWR (off resonance) 1.14 1.17 
Diameter dio of central iris 0.190 in. 0, 
Thickness ¢ 2 of central iris 0.025 in. 0. 

’ Diameter Che, 2 dy, of end irises 0.414 in U. 
Thickness toy = th, of end irises 0 023 in 0. 
Inside diameter of cach cavity, D 1.V14 in. l. 
Height of each cavity, h di 0.770 in 0. 
Displacement of cylindrical guide 

axis from side wall of the i 

rectangular guide 0.207 in. 
Height of rectangular guide 0.400 in 
Width of rectangular guide 0.900 in 


a a ee eat Ue Oe 


~ Showa ‘in Figs 14002 10 (a) 
Shown ip Fig. 14,02-10(b) 


$ The inside surfaces of the covities were machined braas. By 
polishing and plating the inside surfaces it is believed that 
midband insertion losses of 0.5 db could casily be obtained, 
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FIG. 14.02-11. SCHEMATIC DIAGRAM OF SETUP 
FOR PRETUNING CAVITIES OF 
THE TWO-CAVITY DIRECTIONAL 
FILTER 3 
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transition, past a rotating joint. <A resistance card within the transi- 
tion serves the purpose of damning out any cross-polarized wave that 
might be reflected from the cavity. When the electric field in the 
exciting guide is oriented as shown, the two tuning sccews parallel to 
the electric field are adjusted for maximum signal in the detector. 
Next the exciting guide is rotated by 90 degrees and the other pair of 
screws 1s adjusted for maximum signal in the detector. Since the pairs 
of tuning screws do not furnish completely independent adjustment, this 


process is repeated until the signal at the detector is independent of 


the polarization orientation of the exciting wave. Vhe measured per form- 


ance shown in Fig. 14.02-10 was obtained by pretuning the cavities in 


this fashion, and without further adjustment of the assembled filter. 


Another technique for tuning «a multicavity filter of this sort is 
to use the setup in Fig. 14.02-11 to feed a finearly polarized signa} 
through all the cavities simultaneously. In this case a slotted line is 
inserted in the rectangular guide at the top and the cavities may be 
tuned for each of the two orthogonal linear polarizations by observing 
the quarter-wavelength shift of the voltage minimum in the input wave- 
guide as successive cavi- 
ties are brought to reso- J DETECTOR 
nance. This procedure is 
the same as that described 


mpoec. 11.05 for tuning 


== 6 
direct-coupled cavity fil- 
: RESISTANCE : 
ters. Alternatively, if CARO =< Pa oe nae 
\ WAVE 
- ! ‘ 
. ‘ aweoe SLgrine peogY 
one has a sweep signal pe rte lV \ 
source available, it may RO 


WA 
Nera net <— ROTATING JOINT 
i i 
he nasesthle to tune the SoateD eel Se ae 
oy: ; [GENERATOR] or reo} fe ae Soe TERMINATION) 
cavities by simply maxi- a eee eet 
A 


mizing the styenal at the 
A-39927-461 


detector in the reetanpu- 

lar waveguide for the (wo FIG. 14.02-12 SCHEMATIC DIAGRAM OF SETUP FOR 
MEASURING THE PERFORMANCE OF 
APERTURE*® HAVING LARGE 
ees COUPLING FACTORS 


orthogonal linear polari- 


The technique for 
measuring the coupling and axial ratio of the wave excited by the large 
foreruures of Pig, T4 02-4 18 1tlustrated yn Pre. 14.02-12. The power 


¢ aia ; err A et hihes 
Coupling factor c* is ejual to the sum of the power received by the 
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detector in the position shown and that received when it is rotated 
90 degrees, divided by the available power from the generator. The 


akaal sPutio isithe Square root of the ratio of the maximum to the minimum 


power received by the detector -as it is rotated, 


SEC. 14.03; STRIP TRANSMISSION. LINE DIRECTIONAL FILTERS 
USING HALF- OR FULL-WAVELENGTH STRIPS 
A form of Strip-transmission-line directional filter that has Proved 
to be very useful is illustrated in Fig. 14.03-1 together with pertinent 
design information. It might seem that the resonators in this type of 
‘filter could be cascaded as shown in Fig. 14.03-2 to obtain a directional 


filter having a multiple resonator response, but this is not the case.3 


BANO PASS RESPONSE 
i i PORT 1-4 
3 A 


4a 
C = GAP CAPACITANCE 
HALE 
WAVELENGTH 
: STRIPS 
' = poe [ 
pt ee z 
4 
' v2 
Tt T 
4 3 
a ve Zz 
Mh lene hare = 3 
Cc VE C= GaP CAPACITANCE 
HALE Zo zo (ONE 
WAVELENGTH 2¢, WAVE LENGTH 
STRIP log STRIP 
c J2 Cc 
{ (icieene i 
: XT eZ 
4 
Ty, T, 


1 Wo-w, 222, ’ : 

Las eee eee 

Go wo " ( OF OISS!PATIONLESS katie) 
LOADED AT PORTS | AND 4 


29> 7 -2w CZ, RADIANS 


2° 27-2/8 woCZ, RADIANS 


@ 5527-402 


FIG. 14.03-1 DESIGN INFORMATION FOR HALF-WAVELENGTH-STRIP 
AND ONE-WAVELENGTH-STRIP DIRECTIONAL FILTERS 
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Therefore, this type of directional filter is suitable to use only when 
a single resonator band-pass frequency response is desired between Port 


and Port 4. 


The action of the filters in Fig. 14.03-] can be understood by 
invoking the principle of superposition. Excitation of Port 1 with a 
wave of amplitude V is equivalent to excitation of Port |! and Port 4 at 
the reference planes T, and 7, with waves both of amplitude +V/2 (even- 


mode case), and excitation of Ports 1 


and 4 sit the same reference planes aa Y Ts 
with waves of amplitude +¥/2 and -V/2, Hesatd 
respectively (odd-mode case). Even- Se 
mode excitation of Ports 1 and 4 at \\ [ 
the center frequency causes only the \\ f] 
right-hand strip cto resonate, which \ f] 
reflects waves having amplitude +V/2 , 72 
at Port 1 and Port 4. On the other + 

Ue Ue 


hand, odd-mode excitation causes only 
4 c A~3S27- 463 
the left-hand strip to resonate, re- 


flecting waves having amplitude —V/2 FIG, 1403-2 EXAMPLE OF A 
> f : 7 MUL TI-RESONATOR 
Sentort ol) and +V/27"at Port 4. There? STRUCTURE THAT 
fore, at the resonant frequency of the DOES NOT HAVE 
strips the amplitude of the reflected DIRECTIONAL FILTER 
: : PROPERTIES 
-wave at Port 4 1s V while that at 
Port 1 is zero. Or, in other words, 
at the center frequency a signal ineci- 
dent on Port 1 is ideally completely transferred to Port 4. At frequen- 


cies off resonance a signal incident at Port 1 passes through unattena- 


ated to Port’ 2. 


The reason multiple-strip-resonator structures of the type shown in 
Fig. 14.03-2 cannot be used as directional filters can aiso be gualita- 
tively understood by app'ying the principle of Superposition. ft can be 
seen that when either odd-mode waves or even-mode waves are incident on 
-Ports 1 and 4, some of the resonators in both the left- and right-hand 
string of resonators will be excited. therefore, the necessary destsuc- 
tive interference between the even- and odd-mode reflected waves at 
Port 1 and the necessary constructive interference between cven- and orc 


mode réflected waves’at Port 4 is not obtsined and directiunal filter 


5 5a 13 9 3. R 
action does not result. On the other hand, Wanselow and Tuttie” have 


$57 


‘reported that marginal directional-filter performance is obtained using 


multiple-resonator structures of the type shown 


in Fig, 14.03-2. The 


explanation of this apparent paradox appears to be that Wanselow and 


Tuttle placed a short-circuit at Port 3, presumably at reference plane 


T,, thus reducing it to a three-port device. 


when a signal is incident at Port | 


would reflect a relatively high shunt 


‘circuit at reference plane T; 


reference plane T,. Therefore, 


Under these conditions 


the right-hand chain of resonators 
impedance at Port 1 -while the short-. 
would reflect a shunt open-circuit at 


the transmission characteristic between 


Port t and Port 4 roughly approximates that of the multi-resonator chain 


at the left of the structure in ¥ig. 


The dimensions of the TEM lines having the characteristic 


Z and Z, shown in Fig. 14.03-1 can be determined from Figs. 


14.03-2. 


impedances 
5.04-1 or 


5.04-2. The gap spacing at the ends of the resonators necessary to 


realize the coupling capacitances C can 


Fig. 5.05-9 by making use of the relation 
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FIG. 14.03-3 METHODS OF TUNING A 
STRIP-LINE DIRECTIONAL 
FILTER 
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be determined approximately from © 
that C is approximately equal 
to AC times the width of the reso- 


nator strip. 


In order to tune the two 


resonators in the directional 
filter to the same frequency, 
copper tuning screws or dielectric 
tuning slugs of the types shown ia 
cross section in Fig. 14.03-3 may 
be employed. For maximum ef fective- 
ness these tuners should be used 
wear either end of a fesonator 
where the electric field is high. 
In addition, if copper tuning 
Screws are used they should be 
inserted symmetrically from either 
ground plane so that the parallel 


plate TEM mode is not excited. 


The measured response of a 
typreal strip-line directional 
filter of this type is shown an 


Fig. 14.03-4. 
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SOURCE: Final Report, Contract DA 36-039 SC-04625, SRI; 
reprinted in /RE Trans. PGMTT (see Ref. 1 by 
S. B. Cohn end F.S. Coale} 


FIG. 14.03-4 RESPONSE OF STRIP LINE HALF- 
WAVELENGTH-RESONATOR 
DIRECTIONAL FILTER 


Sic. Ta. 64 , TRAVELING-WAVE-LOOP DIRECTIONAL FILTER 

A tyne of stioips tratsiission- line directional filter that can be 
made with multiple resonators to obtain increased off-channel rejection 
is illustrated in Fig. 14.04-1. ‘The resonators in this directional 
filter are traveling-wave loops whose mean circumference is a multiple 
of 360 degrees at the midband frequency. Coupling between the loops is 


obtained by the use of quarter-wavelength directional couplers of the 


type described in Chapter 13. At the midband frequency a signal incident 
on Port | excites clockwise traveling waves in each of the loops. ‘The 
traveling wave in the ath loop excites a signal at Port 4. At frequencies 


well removed from the resonant frequency of the loops a signal incident on 


Port I is transferred to Port 2. 


The design chart in Table 14.04-1] summarizes the design of traveling- 
wave-loop filters from low-pass prototypes so as to give a desired bund- 
pass response between Ports 1 and 4. The voltage coupling factors Ci cel 
are the midband voltage couplings of the strip-line directional couplers 


a59 | 


ALL NON~PARALLEL - COUPLED LINE SECTIONS 
ARE OF CHARACTERISTIC IMPEDANCE zy 


PARALLEL -COUPLED REGIONS ARE 
CHARACTERIZEO BY ODD- AND EVEN- MODE 
IMPEDANCES (Zoo), AND (Zoe), sas 
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FIG. 14.04-1 A TRAVELING-WAVE-LOOP DIRECTIONAL 
FILTER HAVING n RESONATORS 


as defined in Eq. (13.02-2), while the coupling coefficients fe are 
the resonator coupling coefticients in Fig. 8E02-37 Le would alaoune 
possible to build this type of traveling-wave-loop directional filter in 
waveguide form. In thi ai ease the design parameters in Fable 14.04-1 must 
be modified by inclusion of the factor Oe in exactly the same 


fashion as is done in Table 14, 02-1. 


The layout of two, single-loop, directional filters, one of whiehman 
tuned to 1024 Me and the other of which is tuned to 1083 Mc, is shown in 
Eige 1AROA] 29 anlilve measured performance of the device is shown in 
Breer el 4204235 Tite fan eer iva ge TMCCULE rei reyuency dob H Uses Meus de- 
Signed to have a 3 db bandwidth of 8.° we (y. = 250 and (tip 2)? = (cepa = 
070251) whi leuthe other filter was desiyned to have a 3 dh bandwidth of 
OPP SAE SRV BR GS, A Ie (ce,,)’ = 0.020). 


The length of the ring resonators along the coupled transmission 
lines was made to be a quarter wavelength measured in the dielectric at 
the midband frequency in each Ease We Minpth of each of the other two 
sideseof ithe! rosonaLor plus’ the @juiva tent length of the two matched, 
mitered corners, was also made approximately a quarter wavelength, 
measured in the dielectric at midband. Data on the equivalent length of 
matched mitered corners is presented in Bie Ties although the design 


under discussion wus made before these data were available. 
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Table 14,04-1 


DESIGN EQUATIONS FOR TRAVELING WAVE-LOOP DIRECTIONAL 
FILTERS AS SHOWN IN FIG. 14,.04-1 


‘The parameters By 8)> ++ Bay Bre as defined in Sec. 4.04, 
and a Wy We and w, are as defined in Fig. 14.02-2. 
614 
(Q.)4 = ie = external Q (15 
Bs wi -__—scouplin : 
Regt ea gel bE sok A Rte Cot ti rene (2) 
OU BB 4) 
ay BO 
(Os = BE: = external Y (3) 
where 
> as @, + oy, 
Fe = pected ; Se } 2 : 
w 2 and ‘Ho os EN (4) 
erin lie i/ SE youn (5) 
01 / cmm 2 v 
c = mak (6} 
ra A t=ltonnl “pure 


(Cp i 
Caynth VV t oe 


where the c are voltage coupling factors, and m is the 
& H # 


rial 
nuniber of fuli wavelcnugihs in the resonator loops at resonance. 


~The odd- and even-mode impedances of the directional-coupler 


sections are 


! Theat 
1 : 
Uae) aby joe (a) 
lita 
i , 
CZ ) Bir ra eae Sa (9) 
oo BT heee to A 6 Tt+e Ae 


The directional-coupler sections are @ quarter-wavelength 


long at wp). 


A suggested low-pass to band-pass mapping (Sec. 8,04) is 
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FIG. 14.04-2, LAYOUT OF A DUAL-LOOP DIRECTIONAL FILTER CIRCUIT 
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SOURCE: Final Report, Contract DA 36-039 SC-64625, SNE 
reprinted in IRE Trans. PGMTT (see Nef. 2 by 
F. S. Coale) 


FIG. 14.04-3 MEASURED RESPONSE OF DUAL-L OOP 
DIRECTIONAL FILTER CIRCUIT 
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acrbighr, 11 


Th 


The cegion of cach loop that is coupled to the terminating lines ts 


designed according to the formulas in Chapter 13 as a matched, SO0-chm 


directional coupler having the coupling specified above, 


even- and odd-mode impedances Z,, and Z,) are determined 


bis i(13. 02-5), and, 613, 0226) or. Byes. (aj andy (9) pot Table 


widths of the strips necessary to realize these tmpedances 


The necessary 
from 
14.04-1. The 


are determined 


from Fig. 5.05-3 in the case of typical printed-circuit construction. 


The width of the strips forming the remainder of the loops 


is a value 


appropriate for a 50-ohm transmission line as determined from Fre o1o 204-1 


or 5,.04-2. Thus theoretically, a 50-ohm impedance level is preserved 


throughout the complete circumference of the Loop. 


In practice, it is found to be difficult to destyn the itoops eccu- 


rately enough so that there are no reflections on the Loops and some sort 


of tuning is required if a single traveling-wave 1s to be established on 


each loop. Even a quite small discontinuity in any loop will generate 


a wave of substantial magnitude traveling in a direction opposite to that 


of the desired wave since it is repeatedly excited by the wave traveling 


in the desired direction. One method of tuning the loops 


that has been 


found to be appropriate when large quantities of directional filters are 


required consists of empirically adjusting the width of the loops 


width of the corners on a prototype model, and chen mass-producing this 


design. Another effective technique for tuning each Loop 


is to use four 


pairs of tuning screws, of the type shown an fig. P1tR03-3Ga)" placed at 


quorter-wavelength intervals around the perimeter as shown 
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FIG. 14.04-4 SKETCH ILLUSTRATING THE 
PLACEMENT OF TUNING SCREWS 
IN A TRAVELING-WAVE-LOOP 
DIRECTIONAL FILTER 
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In practice it has been found that, for the filters shown in Fig. 14.04-2, 


size 4-40 screws can be used to tune the loops over a 6-percent frequency band. 


Proper adjustment of the Luning screws fora single-resonator Lraveling- 
wave-loop directional filter can be ‘accomplished by observing the response 
of matched detectors at Port 2andPort 4 when a matched load is placed at 
Port 3 anda signal source is placed at.Port 1. If a sweeping Signal source 
is available to feed Port tL this same procedure can be used to tune two- and 


three-resonator traveling-wave-loop directional filters. 


SEC MPLASOS;, ~TRAVELING-WAVE RING RESONATOR 


The traveling-wave ring resonator of the type illustrated in Fig. 14,05-1 
which is closely related to the traveling-wave loop directional filters has 
found wide acceptance as oa passive power multiplying device, for use in 
testing components that must carry high power. This device which is usually 
constructed in waveguide can be thought of as being forwed by removing the 
output coupler from a single-loop waveysuide direetional filter. The. 
traveling-wave ring is usually several wavelengths Jou to allow the inser- 
Lion of test pieces within the Fing. By adjusting the variable phase shifter 
and variable ampedance matching transformer shown in big. 14.05-1 a pure 
traveling, wave can be excited in the ring even though the component under 


test is slightly mismatched. 
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SOURCE: IRE Trans. POMTT (see Ref. 4 by k. Tomiyaau) 


FIG. 14.05-1 A RESONANT RING-CIRCUIT 
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Most of the power delivered by the generator is used to set up a high- 
amplitude traveling wave within the ring and oaly a small amount of it is 
delivered to the load. ‘The expression for the multiplication or power 


ain, of the wave within the loop is piven b 
& j i y 


2 
f c 
POWeEyGara gi tliceereece one ie | (14.05-1) 
P10 ceed aber a? || 
where 
e¢ = voltaye coupling factor of the directional coupler 
“2 = one-way attenuation sround the ring measured in db. 


Equation (14.05-1) has been plotted in two different waysin Fivs. 14,05-2(a), 


(b) to facilitate the determination of the power gain in the traveling-wave 
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FIG. 14.05-2(3) RESONANT RING CHARACTERISTICS WITH POWER GAIN AS A PARAMETER 
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FIG. 14.05-2(b) RESONANT RING POWER GAIN WITH COUPLING 
FACTOR IN db AS A PARAMETER 


ring. It is seen that substantial power gains can be obtained even for 


relatively larger values of the one-way ring attenuation, @. 


SEC 14.06, DERIVATION OF FORMULAS FOR WAVEGUIDE 
DIRECTIONAL FILTERS 

The detailed performance of the waveguide directional filters de- 
scribed in Sec, 14.02, the traveling-wave loop directional filters 
described in Sec. 14,04, and the traveling-wave ring cesonator can be 
most easily understood by considering the behavior of the multiply- 
reflected waves within the resonators. ‘this section presents such an 
analysis for the waveguide directional filter. Consider first the single- 
cavity waveguide directional tilter of the type shown ia Fig. 14.02-6 and 
assume that the following conditions are satisfied: 

(1) The coupling apertures excite a pure circularty polarized 


Th,, wave in the circular waveguide and introduce no re- 
flection in the rectangular waveguide. 


« 


(2) The cavity is perfectly symmetrical about tts uX1ls, So 
that the two orthogonal linearly polarized modes in the 
cavity resonate at the same frequency. 


“ 
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(3) Kach port of the filter is terminated in its character- 
istic impedance. 


The reference plane, P, is chosen to be perpendicular to the axes 
of the rectangular waveguides at the center points of the coupling aper- 
tures. With a wave of unit amplitude incident on Port 1, the amplitudes 


in the four ports of the filter at the instant just after the wave coupled 


into the cavity has been reflected for the first time by the upper end 


wall are as foltows: 


Port 1 Ei 1 Port 3 E = 


Port, 2 Ee Bos cj Port 4 E = Creovem tect! 

where Cae which will be replaced here by ce is the power coupling 
factor (as defined in Table 14.02-1) of the lower aperture, und a = Res ie 
is that of the upper aperture, -h is the axial height of the cavity, @ rs 
the attenuation constant in nepers per unit: length im the circular wave- 
guide, and U is the electrical length in radians of the cavity plus the 


phase shifts introduced by the apertures. 


In the neighborhood of resonance, and in the case of narrow bandwidth, 


g0 
ay epee ea ha (14.06-2) 
, 
nr 
& 
where 
No is the®value of A®% at resonance; and 
gO 3 


p is the number of half-wave field variations along 
the axis of the cavity. 
Because of multiple reflections between the end walls of the cavity, the 
steady-state wave amplitude in Port 4 is composed of an infinite Saunmation 


of components, as follows: 


; = j x 2)13 z PNA) EAC UCUR EU nay er, 
ile = Cpe ge (aht+jG) 4 eje, egy Cap pne 2 } . 
co | pat 
2 ori RD \ ee ipl eee pial Que ae eee et 
+ Even kt cj) (i ee) mre P e P } : 
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where (9 is the factor by which the reflected wave amplitude at an end 
wall is reduced because of dissipation loss on that wall. Py is approxi- 


mately equal to the magnitude of the voltage reflection coefficient of 


the end wall in the absence of the aperture. ‘Therefore, 
ii pte eae (14. 06-4) 
Po = = = a “P. = 
Z Z ; ’ 
oy R, Ue Bare 4 } 
where 
Z, is the surface impedance of the end wall in ohms 
per syuare, 
R, as the surface resistivity of the end wall in ohms 
per square, and 
Zy = 3T77TA'/A is the wave impedance of the circular 
waveguide in ohms per square. 
mance R, << Zy, Pg may be approximated by 
RA 
p 3 gna dine aera ; (14.06-5) 
? 600A! 
Fs 
The amplitude £, may be expressed in closed form, as follows: 
Se nae 
Biot. Degas ae oa (14.06-6? 
Fs = 
Deets = on) Cl = c2) Apre 2(ah £0} 
In a similar manner, a formula for EB, may be obtained: 
- Beet PA g ag, VA: a 
Es, a patin eae = Cin = oy) 4p ,¢ AES) 
v7 oe 
se eal es Corl = ch ove SS 
37 
2 = a 
Se: enol 7 ea) ond = ce, pee Cae) 
is 
ert Gn epee 2(ahty sd 
Sek LMirsc pen cae SeeM (14.06-7) 


1 - (i Le c2)4() * c2)Apre -2(ahty@) 
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or 


; . i) q « wd . 
(pepe) 2 ae (1 acd ho? cet (oer ge tah! 


POEL ES ariy: Serves auerres sey eee re ee eh e065) 
ese CT) iiss ey Pere a 
At resonance @ = (Pp - 1)7, so that 
oat pee S e72ah CTA. 06-9) 
Also, in the usual case of light coupling, ef PoP, re LenS pe. Therefore, 
“the condition for a perfect null on Port 2 at resonance is 
etah haz ses) 
= : (14. 06-10) 
Ps {i= c?) 


In the usual design problem cavity losses are sufficiently low that 
cf and of determined from Eq. (14.06-9) will be almost equal. [n that 
case if one makes the couplings equal, a deep, although imperfect, re- 
jection on Port 2 will generally be obtained. A formula for the loaded 
Q, Q,, of the cavity loaded at both ends, wili now be derived for 
c; = ae Seis 

Q; is defined as fof 24f 9 ~ fy) where f, is the frequewey at ‘which 


the transmitted power has fallen to one half of the value it has at the center fre- 


quency, fy. It is necessary, therefore, to find the angle G, correspond- 
ing to the frequency {,- The first step 1s to form 
1 ee A 
Jeeq] 2 be 
‘his Clea poe “2" (cos gu op Aen 26,) | 
(14.06-11) 
This yields 
[1 = (1 ~ 62) pte7294]? 
COGELE & Va EL YP eee re ae ae a al : (14.06-12) 


2(1-- AN SNe 
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At resonance, @ = @, = Cpa 17 and therefore, in the case of narrow 
bandwidth, cos 26, may be replaced by cos 2(3@),, where (86), 2 a, ="@ 


and hence 


| [2(86), }? 
: cos 26, = | - arrest) (14. 06-1: 


Thus 


Dy = c2 pte sas 
(86), =  MNGRS SS ae (14.06-14 
2(1~c?)4p e-an 


Next a relationship between (o¢), and (OF) P= hp: f, is needed. With 
the aid of the well-known formula for guide Wavelength in terns ofefeee 


quency, we obtain 


“pm! : oA! 5 Ise 2 
od = Here Pot . & o77 oa = pn =f (8) - (14.06-15) 
AS 7 
é 


Now we make use of the definition of OF given above to obtain 
pn(l - c* Ap veoh At 2 
i +) (14. 06-16) 


os (1 a Ca) oo euees (— 


This is the complete doubly louded 2 of the cavity including the effects 
of internal losses and external loading. f¢ interial Inseee sie negligib. 
compared to external loading, Q) becomes equal to the doubly Loaded exter 


0; Qeras allows 


a Cb 4 pO Rin 23 
. pr(, - c2)4 iS As l i 
Q! ne ne i PS = FD Sef me (14.06-17) 
c? A A c2 2 
However, in most cases one can replace the numerator factor ibs c2)n by 


unity. Tf ¢, and fg are slightly ubegualy Chee formulae for Q wil Dena 
sufficiently closely with ¢? = €1¢9- The external Q, U., of the end 
resonator of a multiple cavity directional filter whieh i. externally 


loaded at only one end as defined in Table 14.02-1 is 2Q!. 
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Since E, = 1, the relative power transmitted out ef Port 4 at reso- 


nance is simply le |? = E with G = 0. Therefore 


2 2 2ah 
Cy Coe 


Haveli sinsicoge tec ee eee ee Ae eee (14. 06-18) 
erie ae c2)4(1 - cs) Apter? oe)? 
or, if tee 
4 cte 20h 
lel SS SS : (14.06-19} 


[1 - (1 ~ ¢2)p3e"22h}? 


The attenuation in db is 10 Lory (Vitti or 


gt TS ap alae as 
er 2620 loge e |hec db. (14.06-20) 
27 ah 
ce 


EE Eq. (14.06-17) is combined with Eys. (14.06-14) and (14.06-15) we 
obtain. Q? = by A Voa ya Be However, P, 1s of the order of 0.9999, and hence 
we may relute the external Q and complete loaded Q by the following 


simple expression: 
WAI Eee Tae ‘ (14.06-21) 


It may also be shown that, in the case of high Q and narrow bandwidth, 
the above equations reduce to the following relationship between @,, 


and the unloaded Q, Q,, of the cavity: 


1 1 1 A ei te 
prrctinte Le i: : (14.06-22) 
Q, ids 2. 
This is the same well-known expression that applies to a simple two- 
filter consisting of a stngle resonator. ‘the formula for unloaded Q ina 


terms of the waveguide-cavity parameters is 
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(14.06-23) 


The value of ele power coupling factors (c,,)? and (ey ie for the 
end apertures in Fig. 14,.02-1 in terms of the low-pass prototype elements 
are obtained by combining Ey. (14.06-17) with either Ey. (6) or Ey. (7) 
in Fig. 8.02-3, using the approximation Vlg Cem) ace = (1 /e) a 1723 


For multiple-resonator directional filters the values ai for the 


ib tek 
internal apertures in Fig. 14.02-1 in terms of the low-pass prototype 


elements are obtained by using the relation 


ot 
CORE Tal eas ere (14. 06-24) 
By. iti 
in conjunction with Eqs. (2) and (4) in Fig. Ba06 1s The coefficient of 


coupling k, (+, 18 then obtained by the use of Eq. (8) in Fig. @90oeaF 


SEC. 14.07, DERIVATION OF FORMULAS Fon TRAVELING-WAVE LOOP 
DIRECTIONAL FILTERS AND THE TRAVELING-WAVE 
RING RESONATOR 
An analysis similar to that presented in Sec. 14.06 can be carried 
through for traveling-wave loop directional filters. By partlicularizing 
the analysis the power gain for the traveling-wave ring resonator can 
also he obtained. ‘This analysis is restricted to the case of [KM-mode 
propagation on the loop, although the results can be modified to apply 
to the case where the loop is a dispersive transmission Jine as explained 


below and in Sec. 14.04. 


Ic is further assumed in this analysis that: (1) all transmission 
lines have the same change teri sere impedance, Are (2) all directional 
couplers are designed to be perfectly matched if terminated in Z,, and 
they have infinite directivity, and (3) no points of reflection exist in 
the loop and therefore a pure traveling wave exists A schematic dianrad 
of the filter is given in Fig. 14.07-1. Tie phases of the voltages shown 
at the terminals of the directional couplers are, for convenience, re- 


ferred to the midplanes of the directional couplers. ‘The amplitudes 
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incinerate NL Te eet eT wept? 


ia OA = a0h cs ARENT ATS ad BE 


shown, however, apply at the terminals 
of the couplers. 'The total length of 
the loop at resonance, including the 
lengths of the coupling regions, is 
L=.mA,, where m is an integer and Ss 
1s the plane-wave wavelength at the 
In Fig. 14.07-1 


it is seen that the foliowing voltages 


resonant frequency. 


are excited during the first traversal 
of the loop by the traveling wave. 
For simplicity, we will eyain replace 


Cy, by c, and Cig bY... ¢5: 
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Bh Same sKs (14.07-5) 
EMMES AU er yaen en 2800 (14. 07-6) 


} } i . ip , = ons i 
where c, and Cg are the voltage coupling factors of tlie directional 


couplers, and @ is the attenuation in nepers per unit length of the loop 


transmission line. 


For the mth traversal of the loop, 


terms of E, as follows: 
2 


Yo ie fidcwie 
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the voltages may be written in 


0 CPA OTEND 


(1007-8) 


ae 


ROOST 
Be eee £0 (14.07-9) 
Mbmerdiecigah tnd , 


etl 


ranean 
1 (i= o2) 4 Ry 


Z+90 (14.07-10) 


+ 


. jie _ 
E : = c, (1 = c2)4e~21 fy 2 (1 - ep oe eye aries] Z+90 
; j 


=1 
(14.07-11) 


“Letting m ~ ® and summing this expression in closed form, we obtain 


E au mT Z+90 (14.07-12) 
ODay ee ee ee ee 
i Z ; : 
ane ant eles 02 )4(Q se c2) hea! 


The condition for perfect rejection between Ports 1 and 2 may be 


obtained by setting E, = 0, which yields 


ia c3 
BRA a (1450721) 
: 

i cy 


For perfect reyection,@ta.w(d4. 07-13) requiees c, < ¢ 


2 1f a> Q. 


H 


The doubly loaded Qof the filter may be calculated assuming ¢, = 


Cy = €. At resonance the output voltage is 


BS ee (14. 07-14) 


At a different frequency which corresponds to an electrical length 


around the loop equal to 27m + UV, the output voltage is 
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cre ~(al+)8)/2 


BE, = — 


; SaaS, 14. 07- 
l= (1 es o2) e (alti) is 


Defining Q, = Five 0hie a1 fer mn/U,, where f, and 6, gre values at the 
half-power point, we have from Eqs. (14.07-14) and (14.07-15), 


Poe tlh Re V2 nes 
Be a ete 07-10) 
1 - Qi = ADCs ay 1) 2 (1 = (i a c2 et!) 


Taking absolute magnitudes of each side and simplifying, we may solve 


for a, in terms of ¢ and al: 


lige .Wiesee egy 
cos a, ee SS (14.07-17) 
2(1 - cient! 
If 8, is small, we may replace cos G43 byway) = Gy /2 which yields 
J = (eter) ered 
Cas iby wu Las. (14.07-18) 
lea Cai ceu cL 
The doubly loaded Q of this filter* is 
br sod 
an(i a co?) 4e : 
CASS Game wea T ewer tf ce (14.07-19) 
aye ies 


ft should be noted that this expression gives the true loaded Q of the 
resonator as it would be measured, and takes account of the external 
loading due to both couplers combined with the losses in the transmission 


line of the Loop. 


The attenuation at resonance is given by 20 log, , #,/E,, and since 


E, = 1 we have 


* 
When a waveguids loop ie used in the filter, Q as given in Eq. (14.07-19) must Se muitiplised 
by Ay? whore A_ is the guide wavelength and A is the free-space wavelength 


Equetion (14.07-20) for xttenuation applies without change to the waveguide cose. 
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1- (1 - ¢2)eral 
Aa e820 ogy oe (14. 07-20) 
rete: 


Equations (14.07-19) and (14.07-20) were derived assuming equal 
characteristic impedances of the transmission lines and assuming ¢ to 
be the voltage coupling, but they apply correctly to unequal impedances 
of the ring and input and output Ports if ce? is defined as the power 


coupling factor of the directional couplers. 


The design equations in Table 14.04-1 are derived from the above 
analysis in exactly the same manner as. the design equations in 
Table 14.02-1 for the waveguide directional filteé were derived from the 
analysis in Sec. 14.06. : 


The traveling-wave ring resonator power gain is numerically equal to | 
[E. |? when ¢, -=-0> = lhe value of power gain given in Eq. (14.05-1) is 
1 
obtained when Eq. C14, 07 -10)eisvevaluated for this condition, 


SEC. 14508, DERIVATION OF FORMULAS FOR STRIP-TRANSMISSLON- 


LINE DLRECTIONAL FILTERS USING HALF-WAVELENGTH 
AND ONE- WAVELENGTH STRIPS 


The strip transmission line directional filters using half-wavelength | 
and one-wavelength strips are most easily analyzed by considering the even- 
and odd-mode excitation of Ports } and. 4. as described in ‘Sec. 14. 03.. The 
present analysis will assume that the electrical Spacing hetween resonators 
is constant over the Posssbagdeofetia filters, whaeheie essentially correct. 
for the usual narrow-band directional filters. 


Referring to Fig. 14,031) when an even mode wave 1s incident on 


Ports 1 and 4 at the reference planes T, and T, shown in the figure, the 


wave will pass by the left-hand resonator but will be reflected at referulm 


ence planes T, and T,, since it excites only the right-hand Strip in a 


resonant mode. Similarly, when an odd mode wave is incident on Ports ] 
and 4, it will be reflected at teference planes T, and Ty. Since it excites | 
on'y the Left-hand Strip in a resonant mode. The voltage reflection coef: 


ficient I in each case at the appropriate reference planes will be the 


Same and can be written as 


i a OE (14. 08-1) 


‘In this equation Z is the characteristic impedance of the main transmission 
lines and X is the shunt reactance introduced by a half-wavelength strip 
Tesonator with its midpoint grounded, or a full-wavelength resonator with 
its midpoint open-circuited. The shunt reactance presented by the half- 


wavelength strip is 


1 
Xe oer Zy tan p (14. 08-2) 


where C is the capacitarice of the gap at either end of the half-wavelength 
strip and 2$ is its electrical length. The shunt reactance presented by 


the one-wavelength strip is 


‘ ] } 
Ap ne XL, = Z, cot ?, (14. 08-3) 


where Gy is the capacitance ut either end of the one-wavelength strip and 
2h, is its electrical length. In order that the half-wavelength and the 
one-wavelcagth resonators have the same frequency response it is necessary 
that x; = X over the pass band: or stated another way, the reactance slope 
parameter «~ musi be the same for the two resonators. Since P, = 2p it .can 


be shown that this condition obtains when Cy any OG. 


Because the even- and odd-mode reflected waves add at Port 4, and 
cancel at Port 1, the attenuation ie between Port 1! and Port 4, can be 


written either as 


f. > 24 
L 01 10 3 Bee SG ane 
Al o Ss lop Nee iL oD ie arg i db 
A Bio Ir}? 10 Z wCZ 
(14.08-4) 
using the parameters for the half-wavelength strip or as 
[ Zy 1 "i 2 
Pees Ooi lot A \ > cot Bn ts es db (14.08-5) 
Z V 20XZ | 
using the parameters for the one-wavelength strip. Equation (14.03-4) 


shows that the electrical length ~, of the half-wavelength strip act midband 


0 
is given by 


877 


1 
cG 


tan d, = (14. 08-6) 
Similarly, the electrical dength Pos of the one-wavelength strip at mid- 
band is given by 

1 


Cpt Pin Meme os ox? (14.08-7) 
v 20CZ 4 


The bandwidth of either directional filter will now he computed using the 
pacameters of the half-wavelength strip. Inspection of Ey. (14.08-4) 


shows that the attenuation increases to 3 db when 


n 


ie Me : 14. 08-8) 
— tan ¢ - Dee ee ; 
patie CZ 2 ie 


For fiarcow bandwidth and infinite unloaded Q, the doubly loaded external 

Q, Q: is determined from hy. (14.08-5), using Taylor series expansion 
techniques similar to those used in deriving ys. (14.06-17) and (14.07-19), 
to be 


fe zn (14.08-9) 
Se eee ee 4.08-9 
CD) sap BE TON GEA 


OF 
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CHAPTER i5 


i TGH-POWER FILTERS 


SEC. 15.01, INTRODUCTION AND GENERAL CONSIDERATIONS 


High-power microwave radar transmitters radiate an appreciable amount 
of spurious output power—that is, frequency components other than the 
carrier frequency and the normal sideband modulation components. * Ac the 
outputs of these transmitters it is necessary to use high-power filters, 
that will pass the carrier frequency and normal modulation componcats but 
will suppress the spurious emissions, and thus keep them from causing 


interference in neighboring equipments. 


Another application of high-power filters is to systems in which two 
(or more) transmitters operating at different frequencies are required to 
be connected to a single antenna. This is analogous to the more common 
diplexing (or multiplexing) with scveral pocevens connected to a single 
antenna, with the additional requirement of high power-handling capacity 


(either high pulse power, or high average power, or both). 


This section presents the design considerations for high-power filters 
and illustrates the manner in which various types of filters can be uti- 
lized to achieve specified objectives. latér sections in the chapter 
present more detailed informatior on the most common types of high-power 


filters, 


Transmitter Spurious Emissions —Common types of high-power microwave 
transmitters in use at the present time are the magnetron oscillator, the 
klystron amplifier and the traveling-wave-tube amplifier. Each of these 


tubes produces an appreciable amount of power at frequencies which ar 


a 


~~ 


harmonics of the fundamental frequency. In addition, the magnetron t 
emits so-called moding frequencies near the carrier frequency as is illus- 
trated in Fig. 15.01-1, which are produced when the magnetron oscillates 
weakly in modes other than the desired mode. Figure 15.01-1 shows that 
the spurious harmonic power from the magnetron decreases as the 
frequency increases but that che power at even harmonics tends to be lower 


than that from adjacent odd harmonics. The spurious harmonic power from 
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SOURCE: Final Report, Contcact AF 30(662)-1670, General Blectric Company 
(See Ref. ii by G. Novick and V. G. Price) 


FIG. 15.01-1 TYPICAL FREQUENCY SPECTRUM OF SIGNALS GENERATED 
BY A MAGNETRON OSCILLATOR 


Note; Fine structure representing the cross modulation product for 
each of the above lines is not shown. 


klystron and traveling-wave tube amplifiers usual ly decreases monotonically 
as the order of the harmonic increases. The harmonic power output from a 
klystron transmitter is shown in Fig. 15.01-2. These particular data™ were 
taken on a CW klystron amplifier, but appear to be representative of pulse } 
tubes also. Here the klystron was first set up without regard to harmonic 
output (as it would be normally) and the harmonic output was measured 
(lines A, Fig. 15.01-2).° Then various electrode voltages were adjusted and 
the drive power reduced by 3 db to minimize the second harmonic, without ~ 
changing the fundamental power output, and the harmonic output was measured 
again (Lines B, Fig. 15.01-2). There is @ considerable improvement (at 
least 13 db, and up to 24 db), showing that much “filtering” can be per- 


formed by appropriate adjustments on the transmitter atone. 


. 


The relative harmonic power levels from a high-power traveling-wave 
Bu-p § 


tube may be as much as 26 db greater than those from a klystron. Several ! 
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FIG. 15.01-2 FREQUENCY SPECTRUM OF A KLYSTRON AMPLIFIER 
OUTPUT; (A) AND (8) BEFORE AND AFTER TUSE 
ADJUSTMENT TO MINIMIZE HARMONIC OUTPUT 
WITH CONSTANT FUNDAMENTAL OUTPUT 
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other types of spurious emissions from high-power tubes can occur and 


they have been summarized by Tomiyasa. 7 


Filters for Suppressing the Spurious Emissions--Filters for this 
purpose should ideally have a low-attenuation pass band just wide enough 
to passsthe carrier frequency and its modulation components, and they 
should have a step band that extends upward over many octaves to suppress 
the harmonic frequencies, Furthermore, it is always desirable and often 
mandatory to preclude the possibility of having resonances at the spurious 
frequencies occur in the transmission line hetween the high-power source 
and the filter.) The prevention of such resonances is important if hreak- 
down problems are to be minimized and optimum operation of the tube is to 
be assured. It is usually impossible to obtain oll these characteristics 
simultaneously with a single filter, and therefore various combinations of 


filters and auxiliary structures of the type described below are required. 


Figure 15.01-3 is a schematic diagram of the most common filter com- 
binations for high-power applications. Filter combination (a) utilizes 
two reflective band-pass filters and two 3-db hybrids. In the pass band, 
power is transferred unattenuated from input to output. However in the 
stop band, power is reflected from the filters. Over the operating fre- 
quency band of the hybrids, most of this reflected power is dissipated in 
the load on the left and a good match is presented to the transmitter. 
(The termination at the upper right would ideally receive no power; it is 
included to absorb any stray power due to mismatch of the output load, 
eve.) At frequencies outside the operating band of the hybrids, an appre- 


ciable mismatch may exist at the transmitter. 


Filter combination (5) uses a reflective low-pass filter, a 3-db 
hybrid and resistively terminated tapered waveguides which funetion as 
high-pass filters.” The pass band of this combination occurs when the 
low-pass filter is operating in its pass band and the high-pass filters 
are operating in their stop band and reflect all the power incident on 
them. As frequency is increased, the attenuation of the combination in- 
creases because the high-pass filters begin to propagate and most of the 
power imeident on them is dissipated in the matched loads. However, not 
all of the unwanted power is so absorbed, since some modes which propagate 
in the regular waveguide will be cutoff in the tapered guides. Any re- 
flected power in the stop band is also attenuated by the low-pass filter. 


A relativel sv0d match is obtained over the operating band of the %-db 
y 6 I 8 
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FIG. 15.01-3| COMMON FILTER AND COUPLER COMBINATIONS USEFU 
SPURIOUS EMISSIONS FROM HIGH-POWER TRANSMITTERS 
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hybrids, even though outside their operating band an appreciable mismatch 
may exist. Branch-guide directional couplers of the type described in 
Chapter 13 are quite suitable for use in the circuits shown in | 
Fig. 15.01.3(a) and 15.01-3(b), as are short-slot hybrids” in which the 


coupling aperture is in the side wall. 


The filter combination in Fig. 15.01-3(c) employs a non-reciprocal 
broadband high-power isolator” in conjunction with a reflective band-pass 
filter. The bandwidth of the isolator would be ideally much greater than 
the pass-band width of the reflective filter. Thus, a good match would 
be presented to the transmitter over the operating bandwidth of the 
isolator. The operating bandwidth of presently available isolators is 
not great enough for applications where higher harmonics must ke absorbed, 
although isolaters can be used to absorb the spurious emissions near: the 


fundamental frequency. 


The filter combination in Fig. 15.01-3(d) cascades a low-pass re- 
flective filter and a low-pass dissipative filter (i.e., a filter that 
attenuates by ubsorbing power incident upon it and which is typically 
quite well matched both in its pass band and in its stop band). In the 
pass band, both of these filters have low attenuation. The dissipative 
filter will typically have relatively high attenuation at the second and 
third harmonic frequencies and less attenuation at the lower frequencies. 
If the reflective filter is of the waffle-jron type described in Sec. 15.05, 
its high-attenuation stop band may extend from the second harmonic up a 
through the tenth harmonic of the fundamental frequency. In this case, 
the combination shown would be designed so that the waffle-iron filter 
provides most of the attenuation and the dissipative filter acts primarily 
as a pad, thus presenting a good match to the transmitter at the harmonic 
frequencies. For applications where large attenuation at harmonics above 
the third is not required, the reflective filter shown in Fig. 15.01-3(d) 
may be omitted and the length of the dissipative filter may be increased 
to provide the necessary attenuation at the second and third harmonic 


frequencies. 


The filter combination in Fig. 15.01-3(e) replaces the low-pass dissi- 
pative filter in Fig. 15.01-3(d) by a coupler which, in the fundamental 
band, is directional with 0-db coupling, and whose geometry is such that 
power at the second harmonic and higher frequencies goes mostly straight 


through into the dummy load, instead of to the reflective filter at the 
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output, Transvar couplers, branch-guide couplers 345 (Chapter 13), and 
side-wall ‘and top-wall short slot hybrids have been tried in the circuit 
Otebag. 15,013 le): Branch-guide couplers have the advantage that 
filters can be built into the branches to improve the separation between 
the fundamental and the harmonic frequencics. Experiments indicate that 
two 3-db side-wall short-slot couplers cascaded to form a 0-db coupler 
give relatively good performance in the circuit in Fig. 15.01-3(e), be- 


sides being compact and relatively inexpensive. ® 


A dissipative filter may also be placed between the transmitter and 
the filter combinations in Figs. 15.01-3(a) and 15.01-3(b) to improve the 
match presented to the transmitter at frequencies outside the operating 


band of the hybrids. 


Placement of Filter—A filter to suppress harmonic frequencies 
should be placed near the output of the system past the last nonlinear 
circuit element. For instance there is some evidence that TR-switches 
generate substantial amounts of harmonics, so that it is preferable to 
put the spurious-frequency-suppression filter between the duplexer and 
the antenna, rather than immediately after the transmitter and before the 


duplexer. 


SEC. 15. 02, POWER-HANDLING CAPACITY OF VARIOUS 
TRANSMISSION. LINES 


The power-handling capacity of transmission lines propagating pulsed 
signals having short duration (less than about 5 microseconds) and haviag 
a low average power level, but a high pulse-power level, is usually 
limited by breakdown due to ionization of the gas that fills the guide. 
Under these conditions there is no appreciable heating of the waveguide. 
The voltage gradient at which such a breakdown occurs in air is approxi- 
mately 29 kv/cm per atmosphere when the distance between electrodes 

is much greater than the oscillation distance of free electroas, which 
turn 1s much greater than the mean free path of the electrons. Theses con 
ditions are satisfied for the common air-filled waveguides and coaxial 
lines operating over the frequéncy range from J] to 100 Ge and at pressures 
from 0.1 to 10 atmospheres. The breakdown which oceurs under these cir- 
cumstances is an electrode-less discharge, since most of the free electron 
execute many cycles of oscillation before reaching an electrode. Gould”? 
and others” have made extensive studies of gaseous breakdown phenomena and 


: 


ve 
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: ’ 
the interested reader should consult their publications for more detailed 


8, 29 5 


information. Hart, et al., ave also measured the pulse-power capacity 


of a variety of waveguide components. 


The other condition that is necessary for the initiation of discharge 
is the presence of a free electron. Such an electron will always be sup- 
plied eventually by cosmic ray bombardment or natural radioactivity. 
Hiowever, it is usually found expedient when making voltage breakdown 
measurements to supply electrons from a radioactive source such as 
cobalt-60. Such a source might typically have a strength of 100 milli- 


curies' (i.e., emit 3.7 X 10? electrons per second). 


A minimum value of the breakdown field strength occurs at a pressure 
where the ratio frequency is equal to the gas collision frequency, For 
air at microwave frequencies, this pressure varies linearly fom a pressure 
of approximately 1 mm of mercury at 1 Ge to approximately 10 mm of mercury 
at 10 Ge. At lower pressures, the breakdown field strength increases 
“rapidly. . At pressures on the order of 107° mm of mercury, corresponding 
to a good vacuum, breakdown is no longer due to ionization of the remaining 
gas molecules, out to other mechanisms. The exact mechanism of breakdown 
at high vacuum is not completely understood; however, it seems likely that 
the most important process that occurs is fiela emission whereby electrons 
are pulled loose from metal surfaces by electric fields having strengths 


® Such field strengths can arise from minute irregu- 


of megavolts per cm. 
larities on the surface even when the average field strength over the 
surface is much lower. Thus, it is very important in evacuated” high-power 
Filters and transmission lines that the inside surfaces be avite smooth. 
For smooth surfaces a breakdown dc- field strength of 350 kv/cm is often 
used as a design value in high-power tubes and it seems that this is a 
reasonable value to use for microwave breakdown field Strengths in a high 


vacuum until more data on this subject hecome availabie, 


Another phenomenon, which under ordinary circumstances will not ap- 
preciably reduce the power transmitted through an evacuated high-power 
transmission line or filter, is called multipactor, This.is a resonant 
secondary-emission phenomenon which occurs when an electron under the action 
of an electric field has a transit time between opposite electrodes equal 
to one-half the period of an RF cycle. It typically occurs at RF voltages 
of the order of 1000 volts. This phenomenon has recently been utilized to 


make TR-switches.™ 
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Figure 15.02-1 gives the pulse-power capacity™ of a variety of 
standard rectangular waveguides over their normal frequency bands when 
filled with air at atmospheric pressure, which can be computed from 
Eq. (5.06-14) on the assumption that the peak electric field for break- 
down is 29 kv/em. The various waveguides are given their RETMA or ETA 


designation (which is the width of the waveguide, to three significant 
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FIG. 15.02-1 CHART OF PULSE-POWER CAPACITY OF WAVEGUIDES 
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digits, measured in inches and multiplied by 100). Also shown is the 
pulse-power capacity of a 44-ohm coaxial line [which can be computed 

from Eq. (5,.03-7)],-for’ the case of a line having a mean circumference 

of one wavelength (outer diameter of 0.430 wavelength and inner diameter 
of 0.206 wavelength). This cis the coaxial line with maximum pulse-power 
capacity™ when only the dominant TEM mode is to be allowed to propagate. 
The highest line on the chart is computed for a hypothetical parallel- 
strip waveguide propagating a TEM mode having a width and height equal 

to one-half wavelength. This is the largest size guide that will support 


the TEM mode to the exclusion of higher modes. 


“The chart in Fig. 15.02-2 (which looks like a nomogram but is not) 


gives a series of power-adjusting factors® for waveguides and coaxial 
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FIG, 15.02-2 CHART OF FACTORS FOR ADJUSTING POWER CAPACITY ESTIMATES 
The scale of the ordinates is the same as that in Fig. 15.02-} 
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lines in the frequency range of 1-100 Ge. These factors are plotted on 
the same logarithmic scale as that used in Fig. 15.02-1. Therefore, the 
scale reading on the chart of Fig. 15.02-1 can he adjusted by the dis- 
tance from the center on one or more of the scales in Fig. 15.02-2, in o 
manner similar to multiplication on a slide rule. The reference condi- 
tion for each scale is noted at the center. The standard conditions are 


: saer * : . 
sir, 20°C, one atmosphere (zero altitude), pure traveling wave (anity 


VSYR or O-db VSWR), straight, smooth waveguide (no bend, no bump). 


As an example of the use of these charts, we will determine the 
amount of power that can be delivered to a load through a WR9O waveguide 
at 10 Ge for a specified set of conditions. We assume that the waveguide 
is filled with air at 20°C, and is operating at 5,000 fect altitude. A 
VSWR of 3 db exists on the line, the factor of safety is two, and all 
other conditions are normal. From Fig. 15,.02-1, we find that the pulse 
power capacity of the guide is 1] Mw, the power ratio for operation at 
5,000 feet. is 0.7, the power ratio for the 3 db VSWR is 0.7 and the power 
ratio for the specified factor of safety is 06.5, Therefore, the pulse- 


power capacity becomes | Mw X 0.7 X 0.7 X 0.5 = 0.25 Mw. 


Cohn® has computed the static electric field for two-dimensional 
rounded-corner geometries. These results may be applied to actual filter 
structures with sufficient accuracy for practical purposes if the follow- 
ing two conditions are satisfied: (1) the rounded-corner geometry of the 
high-power filter may be considered to be composed of infinite cylin- 
drical surfaces, and (2) the essential portions of the rounded corners 
are small in terms of wavelength so that the field distributions in these 


regions approximate the static field distributions, 


Cohn’s results® are presented in terms of & /E., where E igs 
; max u wa x 
maximum clectric field at a rounded corner and £y is the reference elec 
tric field at’ some position well removed trom the rounded corner. Since 
I 
the pulse-power capacity of the filter is proportional to the square oi 
the electric field, the adjusting factor for filters with sounded corners 
is (E/E a Two types of two-dimensiona! curved boundaries are con- 
a 

sidered: (1) the optimum boundary shape which yrelds constant electri 
field over the curved surface, and (2) an approximately circular ccoss- 
section shape which would be used in most practical filter structuces A 
curve for a three-dimensional spherical-corner geometry will be given 


Sec, 15.05. 
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One type of curved boundary that arises in high-power filters is 
Allustrated in Fig. 15.02-3; it consists of an array of 180-degree corners 
The shapes of these corners are adjusted for constant electric field 
strength along their curved portions. Curves giving the shapes of these 
corners in more detail are presented in Fig. 15.02-4. The constant 
electric-field strength E ey along the curved boundaries turns out to be 


very simply related to the uniform field E, well below the array as follow. 


fas 15.02-1) 
Ee t e ; ( . = 


On the straight vertical boundaries the electric field.drops off very 


rapidly. 


Another type of rounded corner configuration often encountered is the 
rounded corner near an electric wall. The ratio E/E, for this type of 
corner is shown in Fig. 15.02-5 both for the optimum- or uny form fields 
strength corner and the approximately circular corner. Also shown is the 
defining radius for the uniform-field-strength corner. It is seen that 
the Eye ei Ex for the approximately circular boundary 1s not very much 
greater than for the uniform-field-strength boundary. Since the uniform- 
field-strength boundary is much harder to machine, the circular boundary 


would probably be used In most applications, 


An abrupt change in height of a waveguide (case of radius r 2 0), or 
.in diameter of a coaxial line (cases of r= 0), has an equivalent circuit 


onde : eee i 
consisting simply of a shunt capacitive susceptance Bj at reference 


r=0 
planes corresponding with the step itself. Graphical data for such a 
waveguide discontinuity are given in Fig. 5.07-11, while the equivalent 
discontinuity capacitance in a coaxial line is given in Figs 5.07-2omee 
rounded corner of the type shown in Fig. 15.02-5 will have the shunt sus- 
ceptance of a sharp corner reduced by the amountOB, The value of AB for 
a rounded corner in waveguide is plotted in Fig. 15.02-6. Thus, the total 


susceptance B of the rounded corner is 


Bx Coif eas PONRF She = (15.02-2) 
Note that AB is a negative number. Rounding the corner also results in 
an increase in stored magnetic energy. This may be taken into account by 
892 
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The shapes of the curved surfaces are given 
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FIG. 15.02-6 CAPACITIVE SUSCEPTANCE CORRECTION AND EQUIVALENT 
CIRCUITS FOR ROUNDED STEP IN WAVEGU!DE 


-adding a series-inductive element in the equivalent circuit at the 


reference plane of the step, or by a shift of one of the reference 
planes and modification of B. These alternative equivalent circuits 
are shown in Fig. 15.02-6. Values of ASBshown are accurate for 

eSB bo / 4, and for X/Z 5 ~ 0.3sswheres 20) = 1/Y,,- The final type 
of rounded-corner geometry considered is the reunded corner near a 
magnetic wall. A graph giving the field strengths and defining radi: 
for the uniform field strength boundary is given in Fig. 15.02-7. Com- 


paring this figure with Fig. 15.02-5, it is seen that the field 


i} 


896 


SSRI ITH eo TR aR a 


strengths near the magnetic wall are slightly higher than those near 


the electric wall. 


The average power rating of transmission lines is determined by 
the permissible temperature rise in their walls. 9? Curves giving the 
average power rating for copper waveguide for various conductor temper- 
ature rises are given in Fig. 15.02-8. In deriving these curves, it was 
assumed that the heat is transferred from the waveguide only by thermal 
convection and thermal radiation, and that the emissivity of the wave- 
guide walls is 0.3. An additional assumption is that the dissipation of 
power per unit area in the walls is uniform for al} walls.- “hen the 
ambient temperature is different from the assumed reference of 40°C the 
curves of Fig. 15.02-9 can be used to determine the correetion factor F 


for the average power rating. 
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FIG, 15.02-8 THEORETICAL CURVES OF THE AVERAGE POWER RATING FOR COPPER 
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FIG. 15.02-9 CORRECTION FACTOR CURVE FOR 
AVERAGE POWER RATING OF 
RECTANGULAR WAVEGUIDE FOR 
VARIOUS AMBIENT TEMPERATURES 
AND CONDUCTOR WALL TEMPERATURES 


Standing waves in the waveguide reduce the average power rating of 
waveguides for a given permissible temperature rise because they produce 


local hot spots along the wall. 


The heat conductivity of the copper waveguides is sufficiently 
great that an appreciable amount of heat flows axially from these hot 
spots, thus reducing their temperature. The derating factor that must 
be applied to waveguide for various values of VSR is shown in 
Fig. 15.02-10 and Fig. 15.02-11 for both ‘a copper waveguide and a hypo- 
thetical waveguide in which there is no axial heat transfer. The curves 
in Fig. 15.02-10 apply to the case where the amount of power delivered 
to the load is a constant while those in Fig. 15.02%-11 apply when the 


amount of power incident on the waveguide is constant, 
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Directtonal Couplers—Directional conplers are shown in several of 
the cireuits in Fie. 19.00-3. Not much is’ known about’ the power-handl ing 
capacity of short-slot couplers,  Fstimates* for the 3-db side-wall 
coupler range from full line power down to one-third line power. The 
3-db top> wall coupler is fess well-suited for handLing high power and 


will break down at about one-quarter full line power. 


The power-handling capacity of branch-line couplers is approximately 
independent of the coupling ratio and the branch-to-through-guide impedance 
ratios.. In waveguide it is determined largely by the radii of the corners- 
at the T. junctions, and can be estimated from Fig. 15,.02-5. The power- 
handling capacity can readily be made equal to 40 percent of line power 
as in the example in Sec. 13.14, and could probably be increased to 60 or 


70 percent: by doubling the corner radius used in that example. 


SEC. 15.03, THEORETICAL PULSE-POWER CAPACITY OF DIRECT - 
COUPLED - RESONATOR FILTERS 


This section will discuss. the pulse-power capacity of band-pass 
filters of the type shown in Fig. 15.03-1(a) having a frequeney response 
such as the band-pass response in Fig. 15.03-1(b). The design information 
will be presented primarily for narrow-band filters in terms of the ele- 
ment values g, of the low-pass prototype filter shown in Fig. 15.03=aitene 
The cavities constituting the filter can be fabricated from transmission 
lines having any cross-sectional shape, and the terminating transmission 


lines can have the same, or a different cross section. 


The pulse-power capacity is limited by voltage breakdown at the po- 
sitions of high electric field within the filter. When the usual inductive 
coupling apertures are used between the cavities, the peak electric fields 
do not occur in the apertures but rather within the cavities themselves as 


indicated schematically in Fig. 15.03-1(a). 


Pulse-Power Cupacity at Midband of Narrow-Band Filters —Power han- 
dling may become a severe problem in narrow-band filters. Most narrow-- 
band filter designs are based on a low-pass prototype circuit (Chapter 4), 
and they are usually well-matched at midband. We shall therefore first 
restrict ourselves to narrow-band fiiters which are reflectionicss at 
midband. An exact general formala will be given later [hy. (15. 03=408R 
tb aa ee 

Private communication from MW. J. Hiblet to Lb. Young (Juty 9, 1962). (Note added an proof; A vecent 


measurement by SRI, in « direct comparison with uniform waveguide, gives about 70-percent of line 
power for the stde-wall coupler, and about AO0-percent for the top-wall couples. } 
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UIVALENT LOW-PASS PROTOT) 


We will define rom as the pulse power (i.e., the power level during 
a short pulse) that could be transmitted through an n-cavity filter at 
the onset of voltage breakdown in Cavity k. Then it will be shown at 
the end of this section (an independent proof is also given in Ref. 38) 


that at the midband frequency fy, 


Po yum 00 2 
gees eed — |= (15.03-1) 
‘ 28} Ay 


& 
where A is the pulse-power capacity of a matched waveguide having the 
AEC is P ak for f = ibis dr -0 is the 


guide wavelength in the cavity at fo» Ag is the free-space wavelength at 


Same cross section as the cavity, (P 


fg» mis the length of the cavity measured in half guide wavelengths, 

the fractional bandwidth is w = (a, uw, )/w,, and g, is the corresponding 
element in the cquivalent low-pass prototype circuit, having element 
values normalized so that &) = 1. Because the values of &, are not 
necessarily the same for each element in the low-pess prototype, the 
pulse-power capacity of the over-all filter is limited by voltage break- 
down in the cavity associated with the largest value of &,- When all the 
elements in the low-pass prototype are equal, the midband pulse-power 
capacity of the, filter is maximized for a given oif-channel selectivity. 
Use of the equal-element low-pass prototype also results in approximately 
the minimum midband dissipation loss (AL), for given resonator Q’s and 


off-channel rejection, as discussed in Sec. 11.07 and Sec. 6.14. 


Table 15.03-1 gives formulas for the pulse-power ratings iss of some 
common transmission lines. The midband pulse-power ratings (Poo of the 
cavity resonators constructed from them as computed from Eq. (15.03-1) 
are also presented. As is pointed out later in this section, the power 
capacity near band edge is less than that at midband. Table 15.03-1 
gives all dimensions in centimeters, frequencies in gigacycles ane powers 
in megawatts. The components are assumed to be filled with air at atmos- 
pheric pressure so that the peak voltage gradient is taken as 29 kv/em. 
The factor A/D cs (AJA 73} which occurs in the right-hand column of 
Table 15.03-1 is a dimensionless function of the wavelength-to-cutoff 


wavelength ratio, and will generally lie between 3 and 4. 


The midband pulse-power capacity Seek of the air-filled cavities 


operating ‘at atmospheric pressure is also plotted fer convenience in 
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aoe. 


Table 15.93-1 


PULSE-POWER RATING OF SOME COMMON: TRANSMISSION LENES AND 
CAVITY RESONATORS CONSTRUCTED FROM THEM 
(Based on a Peak Voltage Gradient of 29 kv/em) 


Note: Dimensions and wavelengths are in cm, vw = fractional bandwidth = (ag — 1) /, 
Frequencies f, and ide are in gigneyeles. = ‘fy oe ¥,)/%q° 
a A ‘ 
ve and (Por o are in megawatts. a = number of half-wavelengths in resonators. 


Ue = cutoff frequency of guide- By? and wy are defined in Fig. 15.03-1, 
where the g, are assumed tobe normalized 


s0 that By = iV 


P2a a) MIDBAND PULSE-POWER 


nn encscenad 
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3.4154 
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Fig. 15.03-2. In this figure frequencies are in gigacycles and powers 

in megawatts. If the cavities are filled with some other gas, or are 
operated at a different pressure the power adjusting factors in 

Fig. 15.02-2 may be employed in conjunction with Fig. 15.03-2 to determine 


the midband power capacity of the filter. 


Pulse-Power Capacity of Narrow-Band Filters as a Function of 
Frequency--The peak electric fields in the various cavities of a band- 
pass filter vary with frequency. A particularly simple way to calculate 
this variation in narrow-band filters is to make use of the fact that the 
peak electric fields in the cavities are proportional to the voltages 
ucross the. capacitances and the currents through the inductances in the * 


low-pass prototype. ® 


Figure 15.03-3 is a plot of the square of the normalized peak electric 
fields in the cavities of a three-cavity filter, whose low-pass prototype 
hageelerent wales By 6), Ga» By and B, all equal to unity. The curves 
are plotted against the angular frequency variable w’ of the low-pass 
prototype. Also included for reference is the insertion-loss character- 
istic of the low-pass prototype. The analytic expressions for the square 


of the ssitmalized peak electric fields in the chree cavities are 


1 - w'*? + w'4 


E? « 
1 D 
avail’ out 
52 1 + w!? 
5 Loe Tse eee (15.03-2) 
2 
Pe La 
[a a el Ah 
3 2 
Cova irt oak . y 
The transducer loss ratio P,||.,/P,., is given by 
Pa veal wae os w'2)2 - 03 a 
——— 2 ) t ———— £15 03s 
eae 4 ; 
Reference to Fig. 15.03-3 shows that the square of the normalized peak ~ 
electric field in Cavity 2 for w’ = 1.24 rises to 2.25 times the midband 


value. Therefore, the pulse-power capacity of this filter is enl 


~~ 


0.445 times the widband value of P ie determined from Fig. 15.03-2 
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Filters of Arbitrary Bandwidth—It js possible to determine exactly 
the peak electric fietds in transmission-line resonators of band-pass 
filters having arbitrary bandwidth, both at midband and at any other 


f 40 ‘ : ; fs 
frequency.” One computes the internal voltage standing-wave ratios S, 


(Sec. 6.14) seen looking toward the load in each cavity. Then one com- 
putes the ratio Ue ts a in each cavity from the relation 
ye 
Vk 
B cr (15.03-4) 
qk 


where ey 1S again the power rating of a matched waveguide with the same 
cross s€ction as cavity resonator k. The equivalent power ratio (E.P.f.) 
cy 4, - e “ap : : ye es A : f 

is defined as the ratio of ee to the maximum ancident (or available) 


power which can be handled without breakdown, 


E.PLR. = et Vr el ua alec a Geel a had (15.03-5) 


Since the power, P transmitted to the load, is the incident power times 


qk’ 
Cies ipa” P, being the input reflection coefficient. 


The midband values of the internal VSWR’ s Sy are easily determined 
for synchronous filters as in See. 6.14, and the same Seeker five the 


pulse-power handling capacity directly from Eq. (15.03-4) or (15.03-5). 


Figure 15.03-4 shows the equivalent: power ratio (E.P.R.} calculated 
from Eq. (15.03-5) for a six-cavity shunt-inductively-coupled (or series 
capacitively-coupled) filter (such as that in Fig. 8.06-1) in which the 
transmission lines terminating the filter have the same cross section as 
the cavities. This filter was designed in See. 9.04 to have a 10-percen 
fractional bandwidth, measured on a reciprocal guide wavelength basis, 
with a O.01-db attenuation ripple in the pass band. .In this fitter, 


Cavity 1 is nearest the generator while Cavity 6 is newrest the load. 


Connectton with Group Delay and Dissipation Loss -—The universal del 


curves, Figs. 6.15-1) through 6.15-10 may. be used to obtain an estimate of 
the frequency variation of the power-handling capacity of filters satis 
fying Kg. (6.09-1), which includes most filters up to about 20-perceni 


bandwidth. It is supposed that the midband power-bandling capacity bes 
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FIG. 15.03-4 EQUIVALENT POWER RATIO IN THE SIX CAVITIES OF THE FILTER 
DESIGNED IN SECTION 9.04 TO HAVE A 10 PERCENT BANDWIDTH 
WITH 0.01-db PASS-BAND RIPPLE 
The cavities and terminating waveguides all have the same cross section 
and Cavity 1 is nearest the generator 


first been calculated, as from Eq. (15.03-1) or (15.03-4). The equivalent 
power ratio 1s proportional to the stored energy, and so is proportional 


to the group delay, over the pass-band region (Sec. 6.15). 


The <issipation loss and the group delay both increase with the 
average increase in stored energy, so that they are closely proportional 
throughout the pass band. Thus, only the average increase in stored 
energy over the pass-band region may be deduced from the universal curves, 
Figs. 6.15-1 through 6.15-10. On the other hand, the power-handling 
capacity is linked with the greatest increase in stored energy in any 
section or resonator. The universal curves indicate in a general way’ how 
the equivalent. power rises toward the band edges, and the frequency at 
which the maximum occurs (which is almost the same frequency for each 
cayity). The cavity nearest the load does not have a maximum near the 
band edge (Figs. 15.03-3 and 15.03-4), while the greatest increase in 
equivalent power relative to midband occurs generally in the cavity 
nearest the generator. It is probably safe te assume that the ratio of 
the maximum-to-the-midband-equivalent-power-ratio lS never more than twice 
the ratio of the maximum-to-the-midband-group-delay, For example in 
Fig. .15.03-3 the equivalent: power peaks) at’ 2.25 times its value atumadieee 
in the second cavity, whereas the group delay rises by a factor of 
0.6/0.38 = 1.6 (Fig. 6.15-2) from its midband value'to its maximam value 
A similar comparison for the filter in Fig. 15.03-4 with the corresponding 


group delay curves (Fig. ITI-19, Nef. 43) gives factors of 4.1 and 2.25. 
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It seems reasonable to assume then that the group delay curves Figs. 6.15-] 
to 6.15-10 can be used to predict- the eguivalent power rise toward the 
band-edges, provided that a safety lactor is used to allow for the greater 
rise in the cavities nearer the generator; this safety factor is probably 
always less than 2. (Compare 2.25/1.6 = 1.4 and 4.1/2.25 = 1.8 in the 


above two examples. ) 


Connection with External Q of a Single Cavity, Q_—A symmetrical 
single-cavity resonator is shown in Fig. 15.03-5. The quantity c? is the 


power coupling coefficient defined by 


P 
Bie ed tes : 
(e = pe (15.03-6) 
48 
= (iS m0Se 7) 
(Sita) 
—> 
Pp 
ce Ze 
2 
Ra-2797-%9 
SOURCE: Technical Note 2, Contract Al 30(602)-1998, SRI 
(See Ref. 38 by f. M. I. Jones) 
FIG. 15.03-5. SINGLE-CAVITY FILTER 
where S is the internal VSWR, equal to the discontinuity-VSUR ae b, im 
this case (Chapter 6). Defining @ as the ratio of 2”-times-the-energy 


stored to the energy-dissipated-per-cycle, * ® the external @ due to 


loading by only one coupling aperture can be shown to be 


Sil 


where Ago is the midband guide wave Length of the cavily mode and As is 
the free-space wavelength. The number m is again the length of the 
cavity measured in half guide wavelengths; m is an integer for stepped- 
impedance filters (Chapter 6), and Eq. (15.03-8) is then exact; m is 
close to an integer for narrow-band, reactance-coupled filters, and 


Eq. (15.03-8) is then a close approximation. 


Note that Q, is defined for a singly loaded cavity. The doubly 
loaded external Q, Q',of the cavity shown in Fig. 15.03-5 is just half 


as much: 


Qi os 


15.03- 
‘ : ( 9) 


Equation (15.03-8) can be solved for S in terms of Q,, and the re- 


sulting expression substituted trto Eq. (15.03-4) then yields Pil tee A. 


particularly simple formula results for narrow-band filters (S >> }, 


c << 1), and then 


P4 2Q, Ag ° 
Serta —- : (15.03-10) 


Avo 


Proof of Eq. (15.03-1)—It can be seen from Eqs. (6.09-2) and - 
(6.14-10), which hold for narrow-band filters that when By 71 


4 of | 
S = s-—e, . (15.03-11) 


Tr w 


For narrow-band filters of fractional bandwidth w, whose line-resonators 


are m half-wavelengths long, 


ba Ay ; 
YS == i ; (15.03-12) 
2m 


Substituting Eqs. (15.03-11) and (15.03-12) into Fq. (15.03-4) yields 
Eq. (15.03-1). 
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SEC. 15.04, A UIGH-POWER TUNABLE NARROW- BAND TH 9, - MODE FILTER 


This section discusses the design and performance of a narrow-band, 
‘high-power filter that uses cylindrical TE,,, mode resonators.” This 
type of filter can be designed to have a narrow pass band together with 
a very low midband insertion loss. Furthermore, as can be seen by 
reference to Fig. 15.03-2, it has a considerably higher midband pulse- 
power capacity than filters constructed from other types of resonators. 
‘Hence, it is ideal for use with high-power transmitters in suppressing 
spurious emissions that have frequencies close to the center frequency. 
Its main disadvantage is that it has spurious pass bands at frequencies 
relatively close to the matin pass band; these spurious pass bands occur 
when the cavities resonate in other modes. However, by using the tech- 
niques described below, the insertion loss of these spurious pass bands 


can be kept quite high over an appreciable frequency band. 


Figure 15.04-1 shows the measured insertion loss of the experimental! 


7) 


three-cavity TE,,, mode filter which was constructed fom aluminum and i 
tunable from 1250 to 1350 Mc. The coupling apertures in the filter were 
adjusted so that the product of the external Q of the end cavitres and 
the coupling coefficient between cavities was approximately equal to 
unity. Thus the frequency response of the filter is approximately equa, 
to that of a filter designed from an equal-element low-pass prototype. 

In oir at atmospheric pressure, the theoretical midband pulse-power 
capacity of the filter is limited by voltage breakdown within the cavi- 
ties and can be determined from Fig. 15.03-2 to be about 2.25 Mw. The pulse- 


power capacity at the edges of the pass band is reduced to about t Mw for 


Pha neasOnS Ubsedwoca 10 cu jeu, Co A dimensioned drawing of the filte 
is shown in Fig. 15.04-2. 

The measured midband attenuation of the filter as a function of tuning 
frequency is shown in Fig. 15.04-3. These values of attenuation were 
measured by the substitution method with the filter terminated at eit 
end with pads whose VSWR was about 1.10. Hence it is believed that the 


mismatch loss would introduce a maximum errar of 0.04 db in the measure 
ments. The theoretical unloaded Q for the cavities, assuming « Conduc 
tivity for the aluminum of 40 percent of that of annealed copper, ra 
from 53,000 at 1250 Me to 47,000 at 1350 Mc. The measuced values of & 
-as determined from the midband attenuation and the 3-db bandwidtu of 


filter using Eqs. (4.13-11) and (4.13-3) are 27, 300, 55,700 and 28, 40¢ 
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SOURCE: Technical Note 2, Contract AF 30(602)-1998, SRI 
(See Ref. 38 by E. M. T. Jones) 


FIG, 15.04-3 MEASURED MIDBAND ATTENUATION VERSUS 
TUNING FREQUENCY 


1250, 1300, and 1350 Mc, respectively. The variation in the measured 
value of Q, may be due to measurement inaccuracies or, to unsuspected 
losses in the absorbing material mounted hehind the tuning plungers as 


described later on in this section, 


Design Technique for TRa,, Mode Filters—The method used in designing 
this type of filter involves a combination of theoretical and experimental 
techniques, The low-pass prototype of the filter is shown in Fig. 15,03-1(c); 
a schematic diagram of the filter js shown in Fig. 15.04-4; and finally, 
the narrow-band design equations are presented in Table 15,.04-}, These 
design relations were derived using Bethe's small-aperture coupling theory 
by a procedure similar to that outlined in Secs. 8,07 and 8.14 for the 
design of narrcw-hand rectangular-cavity filters. In the present filter, 
the apertures used are sectangular in shape and have a length Ue al 
measured in a direction paralle} to the unperturbed magnetic field at the 
aperture, a height Lhe Fert measured in a direction perpendicular te the 


unperturbed magnetic field at the fperture, and a thickness CL eta? 
@ 


The theoretical static magnetic polarizabilities Ch) pan) of the 
various aperturor, assuming zero thickness and. no large-aperture effects. 
were determined by extrapolating the values for the rectangular aperture 


given in Pig. 5.10-4(a), The extrapolated value was taken as 


ee rarer Meisel 
TT, pe eOnO6L + OFl97 —-- es ga 
Ch yey by eel 
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The estimated actual magnetic polarizability (M)), taking into account 


eet 
both the thickness and ‘frequency corrections were then determined from 


Eq. (5.10-6), which in the present instance takes the form 


: eo eee ts (aay 
Coo ~~ —1—__— t ao | —___—_— 
(Hi) ee, a aaa pores d } 
kh 


2 
1 os 
r | (15.04-2) 


Because the apertures are cut in cylindrical walls, they are thicker at 
the edges than in the center. A thickness t, ,,,, which 1s an average of 


these two values, is used in Eq. (15.04-2). 


The accuracy of the values of magnetic polarizability computed from 
Eq. (15.04-2) were found to be quite high. This can be seen from an in- 
spection of Fig. 15.04-5 which shows the meusured external Q of the cavi- 
ties compared’ with the theoretical values computed by solving Eq. (5) 
in Table 15.04-1 for (Q,),. [It is also seen from an inspection of 


Fig. 15.04-6 which shows the measured coupling coefficient k between the 


FIG. 16.044 A DIRECT-COUPLED TEo1; MODE FILTER HAVING n RESONATORS 
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Table 15.04-1 


TE, 11"MODE DINECT-COUPLED CAVITY FILTERS 
AND THEIR RELATION TO LOW-PASS PROTOTYPES 


The prototype perameters gy. By» +++ Byey are as defined in 
Fig. 15.03-1(c) (or Sec, 4.04), while wy. wy Oye and Wg are as 
defined in Fig. 15.03-1(b). Figure 15.04-4 defines the filter 


dimensions. 
6 81s : 
(Gd, = 9 : = external Q (i) 
w . * . 
cae = coupling coefficient (2) 
batt] ton OM BAB ged 
6 8nti1 
; A (Q.)2 = —wcatl | = external Q (3) 
where 
ce he tat eee cl 
wo = we and, %) (/* | sor (4) 
: LAT abp* 
Cb 2 (S) 
1°01 mE 
2 2 
(Q yr 47 ShG sin (=) 
4 
Hy), Ae © Seale wa be WE te) 
D 2 2 k 
3 TBA 4 sin ( fr ) 
jes abD* 1 
«2 _ ti) 
(Mw) : é 


na,atl : = y (7) 
(Q,) ,87.5A2 sin? (—ptt) 


or alternatively, in terms of normalized impedance inverter 
pirameters : 


2 
mT wn No (a) 
Lie 7 § 
Zo 12a Zo 96 169 
continued 
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Table 15.04-! concluded 


2 
Kuso = A 0 (9) 
U / 
Zo 20 AG Berl 
2 
orate (laa ar (10) 
pal CSUN 
Zo 20 ZANE, Bat} 
where 
Oe MES PADS ab 
rte? nz 
7 PEA aba in” (1) 
gl L 
; Ky AT ab 
aia es : 12) 
75 4n 
K 4 
f = kiki] dD 
aay (eu eee me (13) 
“0 23.7L sin (++ ) 
y! ra ae afi Ato (14) 
( ieee y 7 el (14) 
“0 pie 
- where a, 6, D and L are defined in Fig. 15.04-4, and 
ro iG ened wavelength in a | 
A ry ak ean a = ' cylindrical waveguide of H C15) 
s \ 2 | diameter D operating in the | 
“0 TE, mode at frequency w j 
i at : bbuiOl pero, 
0.8213 
rT ro guide wavelength in a rec- 7} 
A omen = | canguiar terminating waveguide 16) 
8 7) : 2 of width a operating in the 
“o TE, mode at frequency « 
hes (32) HO GkG 6 EF 
2a 
ry = free space wavelength at 


frequency «ap 
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Table 15.04-2 _ cavities compared with the theoretical value 


‘MEASURED VALUES OF computed by solving Eq. (6) in Table 15.04-1] 


k AND Q, for k The values of external Q were 


Pres & 
determined from impedance measurements made 


0.00137 | on one of the end cavities operating as a 


0.00176 
0.00180 


singly-loaded resonator using the prescrip- 
tions in Sec. 11.92. After the apertures in 
the end cavities were adjusted to give the desired value of external Q 
the two end cavities were coupled together by means of a small iris. 
Measurements made on the frequency response of this pair of resonators 
then yielded the values of the coupling coefficient k using the pre- 
Scriptions in Sec. i1.04. The final measured values of Q| and k for the 
apertures whose dimensions are shown in Fig. 15.04-2: are listed in 


Table 15.04-2., 


Techniques for Suppressing Spurious Modes—The diameter of the 
cavities was chosen so that, as the lengths of the cavities were varied 
to tune them from 1250 to 1350 Mc, the resonant frequencies of the other 
cavity modes were as far renoved from that of the TE,,, mode as possible, 
The inside diameter selected was 13 inches, which fixes the length of the 
unperturbed cavities at 10.23 inches when they are resonant at 1250 Mc, 
and 7.64 inches when they are resonant at 1350 Mc. The actual measured 
lengths of the cavities were found to differ significantly from these 
values, indicating that the coupling apertures had an appreciable per- 


turbing effect on the resonant frequency. Figure 15.94-7 shows a mode 
{ 


, 


chart for an unperturbed cylindrical resonator showing all the possible 


modes that can exist from 1050 Mc to 1725 Mc. 


‘ 
| 
The terminating waveguides are oriented to couple strongly to those q 
: 


TE modes within the cavity that have components of magnetic field parallel 


to the cavity axes. TM modes, which have no components of magnetic field — 
parallel to the cavity axes are only weakly excited from the verminat ing | 
waveguides. It is noted, however, in Fig. 15.04-2 that the length 1 of ; 
the internal coupling apertures along the circumference of the cavity is 1 


greater than the aperture height parallel to the cavity axes. Therefore, 
TM modes inadvertently excited in the end Cavities are very strongly 

coupled together through the intérna} coupling apertures. To reduce the 
internal coupling of the TM modes, and thereby reduce the spurious trans- 


missions through the filter via these modes, a metal bar 6.25 inet wide 
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and 0.020 inch thick with rounded edges is placed across cach internal 
coupling aperture parallel to the cavity axes os shown. This bar has 


negligible effect on the coupling of the apertures to TE modes. 


¥ + . . . . - - 

Several techniques are used to minimize coupling throngh the filter 
at frequencies other than the design frequency via the many TE modes 
which may be coupled by the apertures. One technique consists of posi- 


tioning the coupling apertures so that they lie midway between the top 
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(See Ref. 3B by EM. T. Jones) 


FIG. 15.04-7 MODE CHART FOR UNPERTURBED CYLINDRICAL 
RESONATOR 
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and bottom of the cavities when they are tuned to 1250 Mc. This procedure 
minimizes the coupling to the TE,,, mode from the external waveguides, and 
also minimizes the coupling of this mode between cavities. [In order to 
reduce the coupling of the TE,,, mode between cavittes, the coupling slots 
in each cavity are oriented at right angles to one another, resulting in 


the positioning of the cavities shown in Fig. 15.04-2. 


In addition, radial transmission lines of different lengths are 
formed on the tuning plungers of each of the cavities as shown in 
Fig. 15.04-2. The radial transmission lines are formed by attaching 
undercut aluminum disks to the brass,contacting tuning plungers. In the 
two tuning plungers having the deepest chokes, two disks of resistive 
paper 0.0035 inch thick and having a resistance of 2000 ohms per square 
are placed between the brass,contacting tuning plungers and the undercut 
aluminum disks. In these cavities nylon screws are used to hold the two 
parts of the tuning plungers together. The resistive sheets lowered the 
unloaded Q of the undesired modes in these two cavities, without appre- 
ciably affecting the unloaded Q of the desired TE 611 mode. The resistive 
paper was not placed in the tuning plunger having the shallowest radial 
line because in that case the paper lowered the unloaded Q of the TE,,, 


mode elso. 


These radial transmission lines shift by different amounts the reso- 
nant frequencies of the undesired modes in each cavity, and, as explained 
above, lower the unloaded Q of unwanted modes in two of the cavities. 
Hence, the transmission via these higher-order modes is greatly reduced. 
The shift in resonant frequency in an end cavity, produced by the two 
deepest radial line chokes on some of the modes that are near in frequency 
to the TE9,, mode is illustrated in Fig. 15.04-8. It is seen that these 
chokes do not cause the tuning curves of any of the unwanted modes te 
cross that of the TE,,, mode. The chokes in the tuning plungers also have 
the advantage that they slightly shift the resonant frequency of the TM,,,. 
mode which, in an unperturbed cylindrical resonator, is always degenerate 
with the TE,,, mode. The grooves at the outer edge ef the bottom plates 
of the cavities have a depth of 0.125 inch and uw width of 0.500 inch and 


are also for the purpose of shifting the frequency of the TM,,, mode. 


The usual technique for suppressing the effects of spurious modes on 
echo boxes or frequency meters operating in the TE,,. mode is to place 


absorbing material in the cavities in such a position that it couples 
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strongly to atl modes except. the ste modes” and therefore greatly 
reduces their unloaded’ Q, US Wenece such oa dissipatively loaded cavity 
when used as a transmission device has a very low transmission for al} 
modes except the TE ), modes, or when used as a reaction device produces 
only a negligible reaction in the feeding line except at the resonant 
frequency of the oe mode. One place where the lossy material is often 
put is behind the tuning plunger which is made non-contacting. The walls 
of the cavity can also be made in the form-of a helix with lossy material 


between the turns. This lossy materjal, particularly when placed bebind 
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FIG. 15.04-8 MODE CHART FOR THE END CAVITY ILLUSTRATING THE 
SHIFT IN MODE RESONANT FREQUENCY CAUSED BY 
COUPLING APERTURES AND RADIAL-LINE CHOKES 
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the tuning plunger, drastically shifts 
the resonant frequencies of »!! modes 
except the Thay. modes so that their 
tuning curves are vastly different than 
they would be in an unperturbed cylin- 

_ drical cavity as shown in Fig. 15.04-7, 
and probably cross the tuning curve of 
the Th), , mode. The amount of power ab- 
Ssurbed by these higher-order crossing 
modes depends on the ratio of Q. ta Qe 
for the particular crossing mode. It is 
maximum when. Q. is equal to Cs and mini- 


mum when QO. is vastly different from Q.. 


In the case of weakly coupled TE. 


cavities, such as echo boxes and fre- 

RA-2797-76R ‘ J 

queney’meters, the ratie of Q. and Q is 
SOURGE: Technical Noe 2, 

Contract AF 30(602)-1998 SHI 

(See Ref. 38 by BE. M. T. Jones) crossing modes, and therefore they do 


always very large for the higher order 


not absorb an appreciable amount of 


FIG, 15.04-9 RECTANGULAR power. The situation is entirely dif- 
ea eanieitan ferent in low-insertion-joss filters 
RECTANGULAR operating in the Te mode because the 
APERTURE ratio of ue to Q, for this mode iS guile 


small, and hence the ratio of Q. to Q) 
of higher-order crossing modes is lower and may be quite close to unity. 
In this Jatter unfortunate case a great deal of power is absorbed by the 
crossing modes and the effective unloaded Q of the desired TE, ,, mode is 
lowered, resulting in a large insertion loss for the filter. This effect 
was observed experimentally in the present filter and is the reason that 


a minimum of dissipative clements were used to suppress spurious modes. 


Approximate Peak Electric Field in the Coupling Apertures —The peak 
electric field in the apertures coupling the cavities to each’ ether and to 
the external waveguides can be calculated approximately in terms of an as- 
sumed sinusoidal distribution of electric field in the apertures. In the 
discussion presented here, infinitesimally thin rectangular apertures will 
be considered first. Figure 15.04-9 illustrates a rectangular waveguide 


operating in the TE mode excited by a rectangular aperture having an 


assumed sinusoidal electric field distribution (in the plane of the 


aperture) along its length, given by 


Tu 
E, cos on (15.04-3) 
where F, is the peak electric field in the plane of the aperture. The 


exact expression for the amplitude F, the peak electric field excited in 


the rectangular guide, is 


E : (15.04-4) 


The peak electric field in the plane of such an aperture can alsa 
be calculated approximately from another formula which has more utility 
ih the calculation of electric fields in the internal apertures. The 


expression in mks units is- 


TWH gM OH 


Ey = volts/meter (15704 -53 
hl 


where, @) 1s the angular frequency, fg FF led Lee ro" henries/meter, “M) 
is the magnetic polarizability of the aperture and Aff is the difference 
tween the magnetic fields on either side of the aperture. The magnetic 
field H) on the cavity side of an external aperture is much greater 
the magnitude of the H-field of the external waveguide. Therefore, ior 


the external apertures, Hy) =< AH, 


The peak electric field fs hey Un the plane of en internal window 


of polarizability Mi hey COnmecting Cavities k and k * 1, is given by 
6 A 
: MSM oe aad eae 
3 = = 4-6) 
k,kti art j 
2b, gah, gas 


where 1, |... and hy yay are the length and height of the rectangular 
’ 2 i 


coupling aperture between Cavity k and Cavity k +t}. Tt is tedious 
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difficult to evaluateAl, | ,, exactly, since its value depends on both 
the magnitude and plrase of the magnetic field on either side of the 

aperture. A conservative design estimate is to assume that OH, .,, is 
equal to the difference between the magnetic field in the two cavities 


when they are in phase opposition. 


In order that the fringing fields perpendicular to the plane of the 
aperture and at its edges do not become excessive, it is necessary to use 
thick coupling apertures, and to round the edges of the apertures. As 
shown in Fig. 15.04-2, it is the aperture edges parallel to the u axis 
(in Fig. 15.04-9) that must be rounded. The aperture edges parallel to 
the v axis need not be sounded. The magnetic polarizability of the 


apertures is quite insensitive to the rounding of the corners. 


Fur an infinitesimally thin eperture with dimensions of Il = 2.75 
inches and h = 3.25 inches, exciting a rectangular waveguide with dimen- 


sions of a = 6.5 inches and 6 = 3.25 inches, Eq. (15.04-4) predicts a 

peak electric field F, in the plane of the aperture equal to 1:94 E. The 
actual thick aperture in the experimental filter had the same l and h 
dimensions and, in addition, the inner edge of each aperture was rounded 
with a 0.325-inch radius along the l dimensions. Reference to Fig. 15.0225 
shows that the maximum electric field Ey near the rounded corners is 

1.85 £,. (Note that E, is the peak field in the plane of the aperture, 
while Ee is the peak field regardless of direction.) Therefore, the maxi- 
mum electric field Ey near the external coupling apertures when exciting 

a wave of amplitude EF in the external guide is EY = 3.59 E. The pulse- 1 
power capacity of the external coupling aperture is thus only 0.0776 times 
that of the external guide. Using a relation taken from Table 15.03-1 
(that the pulse-power capacity Re of the external guide is 76.4 M/, mega- | 
watts for air at standard temperature and pressure) it is found that the ; 
peak pulse-power capacity of the external coupling apertures at midband, 
where the filter is matehed: 1s 4.06, 4.24, and 4.37 megawatts at fre- 
quencies of 1250, 1300, and 1350 Mc, respectively, which is greater than 


1 

that of the resonators. 
; t 

5 


The ratio of the peak electric field in infinitesimally thin internal 
coupling apertures (i.e., apertures between resonators) to that in infini- 
tesimally thin external coupling apertures (t.e., apertures between end ! 
resonators and the terminating guides) can be calculated fromEq. (15. 04-6). 


Since the edges of the actual apertures in the filter we:+ all rounded by 
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the same amount, this ratio shonld ghso apply approximately for the 
actual apertures. The result is, using che final values of l = Salo 
and Ah = 3,25 for the external apertures and ! = 2.00 and hk = 3.25 for 


the internal apertures, 


E ton (AMD ae j 
Maver Tee TRE Ce ; . (15 .04- 
: We SPUN ee : Ba 


Cae 4 ww) oH) , he 
In‘this expression EF.) and EL). are the peak electric fields at the 


a und (All) © are the 


internal and external apertures, while (AH). 


differences between the H-fields on opposite sides of the internal 
apertures and on opposite sides of the external aperctures. To an excel- 


lent approximation, (AH). . = Hl. where Hl. is the peak fi-field in the 


center of the external apertures. In lq. (15.04-7) Moy is the polarizabslity of the 


t 
external aperture which has calculated values of 4.60, 4.67, and 5.17 at 


frequencies of 1250, 1300, and 1350 Mc. respectively. The polarizability 
Mo), of the internal apertures has calculated values of 1.275, 1.288, and 
1.347 at frequencies of 1250,°-1300, and !350 Mc, respectively. Making 


the conservative assumption that (Aff) is é¢qual to 2H. one finds 


int uh tee 

that the pulse-power capacity of the internal apertures is 7.0, 7.35, and 
8.53 megawatts at 1250, 1300, and 1550 Mc, respectively. Seference to 
Fig. 15.03-3 shows that the fields in the second and third cavity rise to 
abbat 1.4 times their midband values, for w of 1.4. -Therefore at this 
frequency (AH)... increases to about 1.4 times its assumed midband value 


Consequently the pulse-power capacities of the internal apertures would 


re) 


be reduced to abowt one half their midband value, which still is higher 


than the pulse-power capacity of the filver cavities themselves. 


SECA 15.05, fIGH-POVER WAFFLE: TRON FILTERS 


This section describes the design and measured performance of two 


isa nienpdebuwel Whee eon phiusLerst( ete, canoes In the one developed 


first, “ the principal requirement was for a very wide stop band, toe stop 


all harmonics from the second to the tenth, inclusive. This structure 
consisted of thece waffle-iron filters in cascade with overlapping stop 
bands. In the second model ® the emphasis was on power handiing and pess 
band width. This was achieved by changing from square to circular teet 
changing the end sections, and paralleling four identical fiiters. This 


increased the power handling capacity more than five times 
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reason why the best features of both models could not be combined to 
-prodgee a filter with a wide stop band (second to tenth harmonic), wide 
pass band (VS¥R < 1.2 over almost all of L-band), and a pulse-power 
capacity of approximately 8 megawatts in air at atmospheric pressure, 
but such a model has not yet been built. The two separate models wili 


now be described. 


Waffle-Iron Filter with Stop Band up to Tenth Harmonic®~— Jn this 
structure three different waffle-iron filters with overlapping stop bands 
are connected in series to give a combined stop band which extends from 
2.2 Ge to 13.7 Ge where tlie attenuation is 60 db or greater for all 
possible propagating modes. ‘This stop band includes the second through 
tenth harmonic of. frequencies in the pass band of 1,2&-1,.35 Ge. In the 
pass band, the waffle-iron filter is matched to a WR650 wavepuide 
using quarter-wavelength stepped transformers (Chapter 6). The pulse- 
power capacity without breakdown was measured in the presence of a 
cobalt-60 radioactive source to be 1.4 megawatts in air at atmospheric 
pressure using pulses 2 microseconds long and a repetition rate of 


60 pulses per second. 


Figure 15.05:1 1s a photograph of the filter inathesdtsascemiiee 
condition showing the quarter-wavelength transformers used to connect the 
various waffle-iron sections together. The transformers used to connect 


the waffle-iron filter to the WR650 guide are not shown. 


The theoretical staggered image stop bands of the filters are shown 
in Fig. 15.05-2. ©The design of Waffle-Iron A has been previously de- 
scribed as the first example in Sec. 7.95 under the heading: “Design 
Using Cohn *s ‘Corrugated Filter Data." lt was made teniseeviaus long in 


order to achieve a theoretical stop-band attenuation of about 80 db. 


Waffle-TIron B and Waffle-Iron C were designed using the technique 
described in Sec. 7.05 under the heading: “Design Using the T-Junction 
Equivalent Circuit ofeitarcuviez. eWattle tron Rewas@made seven sections 
long in order to achieve a theoretical stop-band attenuation of more than 
60 db above 5.75 Ge while Waffle-Iren C was made nine sections long in 
order to achieve a theoretical stop-band attenuation of more than 60 db 
above 9.25 Ge. Figure 15.05-3 shows a typical high-power waffle-iron 
filter section illustrating the notation used to specify the dimensions, 


while Table 15.05-1 shows the dimensions of each of the three waffle-iron 


filters. 
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SOURCE: Pechnical Note 2, Centract AB 30(602)-2392, SRI 
(See Ref. 45 by BE. D. Sharp) 


FIG. 15.05-1 DISASSEMBLED WAFFLE-IRON FILTER AND CONNECTING 
QUARTER-WAVE TRANSFORMER SECTIONS 


a 


ATTENUATION CONSTANT 


FREQUENCY —— Geo 


SOURCE: Technical Note 2, Contract AB 30(602)-2392, SRI 
(See Ref. 45 by B. . Sharp) ~\ 


FIG. 15.05-2 ATTENTUATION CONSTANTS OF WAFFLE-IRON FILTERS 
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Table 15.05-1 
DIMENSIONS OF WAFFLE-IRON FILTERS 


DIMENSIONS 


“E RADIUS OF 
pie? ae LENSTH ROUNDED 
rE Bk (Inches) CORNERS 
a ; (Inchea) 


SOURCE: Technical Note 2, Contract AF 30(602)-2392, SRY (Sea Pef. 45 by F. D. Sharp) 


ee 


SECTION AA “aA 
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( 

ak 

& a & =~ A 

2 (TYP)(TYP) 

— —-----—___—__ 6 5”. 
0.500" 


RB-3478-58 


SOUNCE: Technical Note 2, Contract AF 30(602)-2392, SRI (See Nef. 45 by F. D. Sharp) 


FIG. 15.05-3. TYPICAL L-BAND WAFFLE-IRON FIL TER CRG.S-SECTIONS 
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theecotners of the losses in each of the (Cilters were rounded tc 


reduce the electric field at these ‘positions. The radius of curvature 


used in each case is shown in the table. For Waffle-fron A and Waffle- 
Tron Bowhich have b" <b, it is appropriate to use Fig. 15.02-5 to de- 


termine the field strength at the rounded corners. Reference to this 
figure shows that the maximum electric field at the rounded corners is 
only 1.4 times its value at the center of the tooth. For Waffie-Iron C, 
1 <6" and it is more appropriate to use Fig. 15.02-7 to determine the 
field strength. Reference to this figure shows that the maximum electric 


fretd at the corners is 1.58 times its’ value at the center of the boss. 


The height of the waveguides necessary to present an Image match to 
each waffle-iron section was computed using the procedures outlined in 
Sec. 7.05. In addition, measurements of the image impedance of each 
filter were made using Dawir's method, which is described in Sec. 3.0%. 
The results of these measurements are presented in Fig. 15.05-4 in terms 
of the height of the terminating guide necessary te achieve an image match. 
The height of the quarter-wave transformers necessary to match the waftle- 
iron sections to each other and to the terminating waveguides over a }250- 
to 1350-Mc band were determined from these data and the quarter-wave- 
transformer tables of Sec. 6.04. The height of the single-section 
quarter-wave transformer between Waffle-Iron B and Waffle-Tron C is 
0.341 anch. The dimensions of the two-section quarter-wave transformer 
between “Waffle-Tron A and Waffle-ITron B are shown in Pig. 15.05-5,. whil. 
the dimensions of the transformers at either end of the filter are shown 


in Fig. 15.05-6. 


The measured VSWR of the assembly is shown in Fig. 15.05-7, while th: 


r 
> 
stop-band insertion loss is shown in Fig. 15.05-8. 
The performance of a single section S-band waftile-irow operating in 
both che evacuated and pressurized condition has also been described by 


Guthart and Jones.” 


Waffle-Tron Filter with Increased Pass-Band Width and Increused 
Power-Handiing Capacity ®—The principle of the waffle-iron filter with 
wide pass-band width (and wide stop-band width) was explained at the ena 
of Sec. 7.05. A photopyraph of this filter was shown in Fig. 7.05-10, ang 
its dimensions were piven in Sec, 7.05. The principle behind the ineceased 
power-handling capacity of the round (as opposed to square) teeth will nov 


be explained. 
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SOURCE: Technical Note 2, Contract AF 30(602)-2392, SRI 
(See Ref. 45 by &. D. Sharp) 


FIG. 15.05-4 MEASURED WAFFLE-IRON IMAGE IMPEDANCE 
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SOURCEKE: Technical N te 2, Contract AF 30(602)-2392, SRI 
(See Ref. 45 by Fe. 1. Sharp) 


FIG. 15.05-5 CROSS-SECTION OF TRANSFORMER BETWEEN 
WAFFLE IRON FILTERS A AND B 
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Technical Note 2, Conicact AF 30(602)-2392, SRI 
(See Hef. 35 by B.D. Shacp) 


FIG. 15.05-6 CROSS-SECTIONS OF INPUT AND OUTPUT TRANSFORMERS (DIMENSIONS 


WITH AND WITHOUT PARENTHESES ARE FOR TRANSFORMERS TH 


MATCH WAFFLE IRONS A AND C RESPECTIVELY; TO L-BAND way 
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SOURCE: ‘Technical Note 2, Contract AF 30(602)-2392, SH} 
(See Ref. 45 by KE. D. Sharp) 


FIG. 15.05-7 VSWR OF WAFFLE-IRON FILTER ASSEMBLY 
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FIG. 15.05-8 ATTENUATION OF WAFFLE-IRON FILTER ASSEMBLY 


The filter shown in Fig. 15.65-1 was tested at high power until 


arcing occurred, Jt was then opened and examined: strong burn marks 
were found on the four corners of the teeth » the center three longi- 
tudinal rows. (There were no burn marks on the two rows of 


the side wall.) Rounding the edges alune would leave a ridge ut ti 


four corners, which had therefore been rounded off into approximately 


spherical corners; but this still remained the weakest part of the fil 


from the standpoint of power-handling capacity. Yo spread the field 


evenly, it wes argued that a circular tooth should be better than a 
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Levi 


more 


square tooth, since it has only one edge and no corners. To arrive at 


a quantitative comparison, the following reasoning was used. 


Cohn ® has analyzed the fields near two-dimensional rounded corners. 
With the dimensions of both the round and square teeth, his results 
should still hold closely for the fields near the line-edges of the 
teeth. One curve in Fig. 15,05-9 is taken from Fig. 15.02-5, and shows 
the maximum field near a rounded edge with circular boundary. It is 
shown as a function of the ratio 2R/6", where R is the radius of the 


rounded edge and 6" is the spacing between teeth (Fig.) 15.0523) 2a . 


calculate the maximum field near the spherically rounded corners of the 


square teeth, we proceed as follows.® | 


SSRRUST 


ro) DG EVA 


= 


RA-4096-10 


SOURCE: Quarterly Vrogress Report 1, Contract AF 30(602}2734, SRI ‘ 
(See Ref. 43 by L. Young) 


FIG. 15.05-9 MAXIMUM FIELD INTENSITIES NEAR CIRCULAR EDGE 
OF ROUND TEETH AND NEAR SPHERICAL CORNERS OF 
SQUARE TEETH 
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The plane of symmetry between teeth may be regarded os being at 
ground potential. The field intensity well inside che revion between 


Leeth is denoted by Fy. Then the potential Vo of a Vootises 


Vet ge thao” 72 ; Gio) 05=4) 


“The field Eo.) on the surface of an isolated sphere of radius Rand at a po 


tential YY above ground 1s 


V Et 
Nar arial: (15 305-2) 
ee R 2R 
Therefore, 
, “ 
max b 16 05 3) 
= St a aac CIPS Wie 
5 OR ( 
se 21 
approximately, for the three-dimensional corners on tlhe square teeth, 
when the corners have spherical contours. Equation C15. 08-3) sy atso 
plotted against M/s in bite Toso oe aod 1s 8 reetang kar hyperbola. 
For the filters under consideration 
2k 0.126 : 
eh aa 0.6 f Cls205e4 
b COREG 
and Fig. 15.05-9 shows thai F Pi Sy) he LOL O beg De crreutarc edge, and 
eae mo x 0 is 
1.667 -for the spherical corner. Therefore, the wittleciron f1tter ith 
circular teeth shoulu handle about 
? 
| 667 Ne: e : or 
ore) (15.4 
Leeletess 
Vines as neh power ase the wal ble-,rou filter with square teeth. With 
four watfieciron filters in parallel and cirenlar teeth, as in 
Fig. (5.05-10, the filter should hand Pegaloue. ch @ Poa Ge boy Lames. ot! 


power of the single filter in Fiz. 7.05 10, corresponding to about 


cent of the power handled by WRO50 L-band rectangular waveurde. 
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FIG. 15.05-10 HIGH-POWER WAFFLE-IRON FILTER USING ROUND TEETH 


AND FOUR FILTERS IN PARALLEL 
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SOURCE: Quarterly Progress Report 1, 


; Contract AF 36(602)-2734, SRI 
(See Ref. 43 by LL. Young) : 


FIG, 15.05-11 DIMENSIONS CF POWER-D!IVIDERS SHOWN 
IN FIG. 15.05-10  ~ 
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This four-waffle-iron filter was tested in the presence of a cobalt-69 
radioactive source ip air at atmospheric pressure, using pulses 2.5 micro- 
seconds long with a repetition rate of 200 pulses per second, At 6.3 mega- 
watts pulse power (the maximum power available) there was still no sign of 
arcing. Based on the above calculation and 1.4 megawatts for the single- 
walfle-iron square-toothed filter of Fig. 19.95-1, the filter in 
Fig. 15.05-10 should handle 5.56 * 1.4 = 7.8 megawalts under the same 


conditions. 


Tt was pointed out at the beginning of Sec. 15.02 that the pulseé- 
power capacity referred to short: pulses. The reader should use caution 
when applying these results to longer pulses. Both the square-toothed 
and the round-toothed waffle-iron filters were subjected to pulses 
110 microseconds long, at a rate of 30 pulses per second. The pulse- 
power capacity with the 110-microsecond pulses was only about: one-third 
of that with the 2-microsecond pulses. Furthermore, it appeared that 


arcing started about 50 microseconds after the begining of the pulse. 


The dimensions of the power dividers for the high-power waffle-aron 


falterpinmtie. 1505410 are-eyven un Fig. 1S,05-)h, hac iof che four 


parallel filters has the same dimensions as were given in Sec. 7.05 for 


the single filter shown in Fig. 7.05-10. 


tie VS'Reot the trhtver shorn vy bigs 16205 10 rsishornanmkye. bs 05-T2 
including both power dividers in the measurements. The solid Tine is 
for the original filter in which the three one-cighth-inch plates sup- 
porting the round veeth (Fig. 15.05-10) were solid plates trom end to end, 
Later these plates were modified by cutting barge circular holes betuweer 
teeth, as shown in Fig. 15.05-13, which also shows the sheltf-like cen- 
struction of the filter in more detail. The reason for the holes was 
allow coupling between the four parattel filter units, so that propagalir 
through the various waffle iron filters could not get out of phase, and 
thus to forestall any possible trapped resonance around a plate due tG 
poor tolerances or other imperfections, (No such resonaice was ever 
actually observed with or without coupling holes.) ite WW ote eihes ot 
piece coupling holes is shown by the dotted line in Fig. 5.05-12. fhe 


is better than 1.2 over almost the whole of fF band, with or without 


coupliag holes, and better than T.1 over two considerable portrons 


The stop-band performance is shown in Fig. 15,05, 2% Cogethee with 


tiat cot Walt lies Iron Mrlticcn vA Cvhieh hsts  stpudee eethy has Cen se 
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SOURCE: Quarterly Progress Report 2, Contract A 50(602)-273.4, SRI 
(See Ref. 43 by L.. Young) 


FIG. 15.05-12 VSWR OF FILTERS IN FIGS. 15.05-10 AND 15.05-13 


Bete LL 
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SOURCE: Quarterly Progress Report 2, Contract AP 30(602)-2734, SRI 
(See Ref. 43 by 1.. Young) 


“\FIG. 15.05-13 SHELF-LIKE CONSTRUCTION OF FILTER iN FIG. 15.05-10 
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SOURCE: Qnarterly Progress Report 2, Contract AF 30(602)-2734, SRI 
(See Ref 45 by L. Young) 


FIG. 15.05-14° ATTENUATION OF TWO WAFFLE-IRON FILTERS 


and begins with half-teeth). After allowance is made for the fact that one is 
a five-section and one is a ten-section fi lter, tuere isno noticeable differ- 
ence inthe stop-band performance. llowever, some difficulty was experienced 


asaresult of imperfect contact at the coupling flange. Since TE 31 


Th, modes can propagate through the waffle-iron filter inthe higher part of 


and other 


the stop band, one must make sure that Thy, and other TE), modes are not excited 
where the waffle-iron sections begin. Normal ly these modes are not excited he- 
cause of the symmetry of the structure, and they wre cutoff in the low-height 
waveguide matching sections so that none can reach the filter proper. lloweve: 
Piithewabiie.cron filter and the low-height waveguide matching sections are | 
made in separate pieces and then connerted, imperfect contact at the flanges may 
set up the unwanted modes. ‘Then any conversion from propagating TE, 4 modes 11 
the exterior waveguide to propagating TE, modes in the filter proper, and sub- 
sequent re-coaversion at the output, will canse spurious pass bands. 4 fen very 
sharp and narrow Spurious responses were observed, and were found te improve 
with better flange fitting. “To avoid the need for excessive care in mating 
flunges, six one-eighth-inch-diameter rods were passed across the filter, as 
shown in Fig. 15.05-15, which completely eliminated all spurious responses i 


the stop band. 
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SOURCE: Quarterly Progress Report 2, Contract AF 30(602)-2734, SRI 
(See Ref. 43 by L. Young) 


FIG. 15.05-15 WAFFLE-IRON FILTER WITH THIN RODS TO SUPPRESS TE ), MODE EXCITED 
BY IMPERFECT CONTACT OR MISALIGNMENT OF FLANGES 


SEC. 15.06, DISSIPATIVE WAVEGUIDE FILYEHS 


Dissipative low-pass waveguide filters are extensively used to 
suppress the spurious harmonic radiation from high-power transmitters 
because they are well matched in both the pass and stop bands and hence 
preclude resonances between the transmitter and the filter that might be 


1.8 they usually have maximum attenu- 


damaging to the transmiiting tube. 
ation at the second and third harmonic frequencies with lesser attenuations 
at higher frequencies. Most designs can handle essentially the full 
waveguide pulse-power without recourse to pressurization. It is also 
relatively easy to pressurize them aif necessary in order to make them 


compatible with other components in a system. 


Figure 15.06-1 is a sketch of a portion of a typical dissipative 
waveguide filter. [It is seen to consist of a central waveguide that ts 
aperture coupled to an array of secondary waveguides, which stand on all 
four sides of the central waveguide, and each of which as terminated ib 


a matched load. ‘The width a, of the secondary waveguides is small enough 


yy 


So that they. are below cutoff in the pass bandsof the filtér and hence 

at these frequencies power Can propapyate down the central waveguide with 
an attenuation that is ordinarily less than 0.1 db. In order to achieve 
this low, pass-band attenuation the tips of the spear-shaped Joads in the 
secondary waveguides are placed approximately a distance a, (equal to 
one-half of the TE 9 -mode cutoff wavelength in the secondary waveguide) 
from the apertures so that the fringing fields at the apertures do nor 
interact with the Yoads. In the stop band, which exists at frequencies 


above the pass band, the side Waveguides can propagate and harmonic power 


TyPICAL LOAD —-—}-. 


WAVEGUIDES TERMINATED 
WITH MATCHED LOADS~—___ 


FIG, 15.06-1 TYPICAL CONSTRUCTION GF A DISSIPATIVE WAVEGUIDE FILTER 
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propagating down the central waveguide is coupled into the side waveguides 


where it is dissipated in the matched terminations. 


The coupling apertures for the secondary waveguides are usually long 
and narrow slots as shown, and maximum attenuation in the central wave- 
guide occurs at the ffequency at which the aperture lengths l are about 
one-half a free-space wavelength. The center-to-center spacing of the 
apertures, along the length of the waveguide, is usually made less than 
half a free-space wavelength at the highest frequency of operation of the 
filter in order to avoid multiple reflections from the apertures which 
would raise the stop-band VSWR. The coupling apertures cannot couple 
equally well to all possible modes in the central waveguide, which can 
propagate a rapidly increasing number of modes as the frequency is in- 
creased. When slots’ are used, as shown in Fig. 15.06-1, the slots attenuate 
most strongly those modes with currents trying to cross the slots (tee 
having transverse magnetic fields in the case of Fig. 15.06-1); the 
secondary waveguides are then effectively in series with the central wave- 
guide. Furthermore, the attenuation is greatest when the centers of the 
coupling apertures are located at the positions of maximum transverse 
magnetic field (maximum longitudinal wall current). The attenuation of a 
mode measured in db at a particular frequency is also approximately in- 
versely proportional to its impedance in the central waveguide (which for 
TE modes and a given a/b ratio is proportional to the ratio of guide 
wavelength to free-space wavelength). Therefore, a higher-order mode 
having the coupling apertures of the secondary waveguides arranged so that 
the mode will suffer maximum attenuation may still be less strongly at- 
tenuated than a lower-order mode having a lower guide impedance. Greater 
attenuation by the secondary waveguides along the broad wall of the central 
guide is obtained when the impedance of the guide is reduced by reducing 
its height, 6.7% Wowever, this procedure also reduces the pulse-power 
capacity of the filter since the pulse-power capacity is directly. pro- 


portional to 6. . 


In the filter shown in Fig. 15.06-1 the secondary waveguides along 


the broad wall of the central waveguide would couple strongly to the 


second-harmonic power propagating in the TE,, mode. They also couple just 
about as strongly to the second-harmonic power propagating in the TRS 


mode. The waveguides along the nerrow wall of the central waveguide couple 


most strongly to second-harmonic power propagating in the Cg mode. 


t 
ee 
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If the double array of side waveguides along each broad wall of 
the central waveguide in Fig. 15.06-1 are replaced by triple arrays, the 
filter would be most effective in suppressing power propagating at the 
third harmonic frequency. © For this reason some dissipative filters have 
a double array of waveguides along a portion of the broad wall and a 


triple array along the rest of the wall. 


In order to provide a good match between the dissipative filcer and 
the terminating waveguides it is customary to linearly taper the lengths 
of the coupling apertures at each end of the filter. When about a dozen 
apertures are tapered at cach end of the filter the resulting pass-band 


VS¥YR is usually less than 1.26. 


An S-Band Disstpative Filter-—A filter which is typical of dissipative 
filters in general, has been developed by V. Price, et al.® The configu- 
ration of the side waveguides in this filter is as shown in Fig. 15.06-1; 
however, a cylindrical pressure vessel surrounds the filter so that it 
can be operated at a pressure of 30 psig (pounds per square inch, gauge). 
The filter, which is made of aluminum, is fabricated in the following 
fashion. First, the coupling apertures are milled in the central wave- 
guide, Then a number of aluminum stampings are made which, when assembled 
in the fashion of an egg-crate, form the side waveguides. The side wave- 
guides and the central waveguides are then clamped together and permaneatly 
Joined to each other by immersion in a dip brazing tank. The specifica- 
Lions for such a filter are given in Table 15.06-1, and its attenuation 


characteristics are shown ai K¥pes, 159.06-2, 3 and 4. 


Table 15.06-i7 


SPECTEECATLIONS OF AN S-BAND DESSEPATIVE-FLLTER EXAMPLE 


Rows of slots on each broad wa}] 2 


Rows of sluts on each narrow wall l 


Nomber of full-length slots on both broad walls Pat r4 
Number of full-lengoh slots on both narrow walls i3o 
Number of linearly tapered matching siots at 

each end of each cow of slots in 
by, theaght of side waveguides ) 0.26 inch 
ay, width of side waveyuides bet vwehes 
ly, length of narrow wall side waveguides 2.6 iaches 
Ly, length of browd wall side waveguides 2 4 inehes 
L, length of coupling apertures 3 2.30 .nches 
v, width of coupling apertures : O.19 inch 
Over-aii filter Jength ineluding fianges 36 thehes 
Outside diameter of pressure vessel surrounding filter 9.25 inches 
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FIG. 15.06-2 TE, 9-MODE ATTENUATION AND VSWR OF S- BAND DISSIPATIVE 
FILTER WHOSE DIMENSIONS ARE GIVEN IN TABLE 15.06-1 
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FIG. 15.06-3 TE 29-MODE ATTENUATION AND VSWR OF DISSIPATIVE FILTER 
WHOSE DIMENSIONS ARE GiVFN IN TABLE 15.06-1 
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Fale 15.06-4 TEo\-MODE ATTENUATION AND VSWR OF 
DISSIPATIVE FiLTER WHOSE DIMENSIONS 
ARE GIVEN IN TABLE 15.06-1 


Other types of harmonic-absorbing waveguide filters witi secondary 
waveguides have also been built. One of the more promising variatsons 
on this theme has been the use of circular instead of rectangule: 
secondary waveguides, open-ended into the rectangular central weroge 
The secondury guides may or may not be loaded with dielectric mater. 
but in any case must be cutoff in the pass band, and have to stare 


gating at some frequency below the second harmonic. 


SECA15 07, DISSUPATI VENCOAXIAL IRINEMES ETERS 


Dissipative low-pass filters can also be constructed in coaxia 
t 
to suppress the spurious power from high-power transmitters. Th 
principle of operation is essentially the same as that of the waves 
dissipative filters discussed in Sec. 15.06. ‘The stop-band attenua 
per unit of length of the TEM mode in a typical coaxial dissipative 
filter is greater than that of the lewest mode in a typical wave, 
& ; 


dissipative filter because the characteristic impedance of the 
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4 


transmission fine is lower. Wowever, the pulse-power capacity is less | 
for a coaxial filter because the pulse-power capacity of the best coaxial 


line is less than that of standard waveguide in the same frequency range. 


Experimental models of coaxial dissipative filters have been built 
by. haeG. Cristal.” One model has a pass-band cutoff frequency of 1.7 °Ge 
and a characteristic impedance of 50 ohms. The inside diameter of the 
outer conductor is 1;527 inches while the diameter of the inner conductor 
is 0.664 inch. Twenty-one rectangular-slot pairs were cut in the 
0.049-inch-thick coaxial line wall and were spaced 0,400 inch apart | 
center to center, ‘The width of each slot was 0.25 inch, and each slot 


subtended an angle of 150 degrees at the axis. In addition, ten smaller ~ 


slots were cut in the coaxial bine in the regions ahead of and behind 
« i} 
the Lwenty-one main slots; the added slets were arranged to form a tapered - 


sequence so as to improve the impedance match in the pass band. 


The secondary waveguides were 0.375 inch high and 3.5 inches wide, 
corresponding to a cutoff frequency of 1.7 Ge. The length of the secondary 
waveguides is about 12 inches, but this length could be reduced. Each of 
the secondary waveguides was terminated with resistive Teleceltos* paper. 
(Each load was found to be able to dissipate at least three watts average 
power without cooling.) Figure 15.07-1 shows a sketch of the filter 
(without the tapered slots). Jts measured attenuation to the dominant 


TEM mode 1s shown in Fig. 15.07-2, for several values of the coaxial line 


RA-652,52t- Ot 


SOURCE: Technical Note 4, Contract Ab $0(002)-2392, SHRI 
(See Ref. 50 by BG. Cristal) 


FIG. 15.07-1 COAXIAL LEAKY-WAVE FILTER 


Obtainable from Micro Cirevits Co., New Ruffalo, Michigan. 
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SOURCE: Quarterly Vrogress Report 3, Contract AB 20(602)-2734, SRI Gee fief. 23 by E.G, Cristal et all 


FIG. 15.07-2 ATTENUATION OF EXPERIMENTAL COAXAL LEAKY-WAVE 
FILTER T0 A TEM WAVE FOR VARIOUS LINE IMPEDANCES 


impedance, from EM ohmseto.20 ohms. dhe aapedance was adjusted b: 


changing the diameter of the inner conductor from 0.664 inch (for 50 
on up. It can be seen from Fig. 15.07-2 that the attenuation to the 


} He 


mode Vs Substantial over a very wide frequency band, for all 


ances, and cbat. the attenuation increases as the impedance Gecrease: 


Was 


The TE,, mode propagates Bio Viet SO OCHEMIINE Ahi uMOGS ata NACHhee 
constructed and the attenuation of the coaxial leaky=wave filter wa 


¥ 
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measured to two polarizations of the TE,, mode: in one polarization the 
currents try to cross the slots and are attenuated strongly, the over-all 
attenuation being about equa] to that for the TEM mode. In the other 
polarization, the slots do not perturb the current flow so much, and the 
coupling through the slots is much weaker; the measured attenuation in db 
was about one-fifth of that for the orthogonal TE,, polarization and the 
TEM mode. One way to ensure high attenuation for the TE,, mode in all — 
polarizations is to use two filters in cascade, but arranged with their 
transverse geometry orthogonal, At the time of this writing, other possi- 


bilities are still under consideration. 


The shape and size of single slots were varied experimentally in 
order to detetmine the configuration for maximum coupling in the stop 
band. For example, dumbbell slots can be made to resonate at lower fre- 
quencies than plain rectangular slots, and thus give slightly stronger 
coupling near the cutoff frequency, but it is doubtful whether the small 
improvement is worth the mechanical complication for most applications, 

A numerical analysis for some idealized cases was also undertaken to dis- 
cover the dependence of the stop-band attenuation on the various parameters 
involved. The slots were closely spaced in every case. Doubling the 
number of slots and secondary waveguides per unit length did not appreci- 
ably increase the attenuation, when the slot widths aad waveguide heights 
had to be halved to allow for twice as many slots. The greatest attenu- 
ation and the flattest frequency response resulted from the widest slots 


(slot width equal to waveguide height). 


The VSWR of the 50-ohm filter in the nominal pass band of 1.2 to 
1.4 Ge was found to be less than'].09. In the stop band, the VSWR for 
the TEM mode was tess than 1.5 from the second to the fifth harmonic, 


inclusive. 
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CHAPTER 16 


MULTIPLEXER DESIGN 


SEC. 16.01, INTRODUCTION 


As was discussed in Sec. 1.02, filters connected in parallel or 
in series are often needed in order to split a single channel carfying 
“many frequencies into a number of separate channels carrying narrower 
bands of frequencies. Similar filter groups are often required alse 
for the inverse process of summing a number of channels carrying 
different bands of frequencies 


so that all of the frequencies 


20-26 Ge 

can be put tn a single broad- 
band channel without loss of 

: ; A i 
energy (which would otherwise sik 
occur due to leakage of energy Mite (ox 
from any one of the input 1 

: ; 2.0-40 Ge | 2e-ss Ge 
channels into the other input 
channels). ANneLS 
Figure 16.01-1 shows a 
three-channel multiplexer which \ 
would use three separate band- Arata eee 
pass filters, one to providethe 
2.0- to 2.6-Ge channel, a sec- FIG. 16.01-1 A THREE-CHANNEL 
ond to provide the 2.6- to MUL TIPLEXING 
: FILTER GROUP 

3.3-Ge channel, and a third to : { 
provide the 3,3- to 4,0-Gc 
channel, Tt might at first 
appear that the design of this multiplexer could easily be accomplished 


by designing the filters using any of the band-pass filter design pro 
cedures previously discussed in this book, and then connecting the 
filters in parallel. lowever, though the procedures previously dis 
cussed are useful for multiplexer design, they shauid be used along 
with special techniques in order to avoid undesirable interaction 


‘between the filters, which could result in ver oor performance. 
’ Pr 
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Most of the discussions in this chapter relate to the problem of design 
so as to eliminate such undesirable interaction effects. However, the 
constant-resistance- filter approach discussed in the next section avoids 
this problem entirely by using directional-filter units which have 
matched, constant-resistance input impedances at all frequencies so that 


in theory no interaction effects should occur, 


SEC. 16.02, MULTIPLEXERS USING DIRECTIONAL FILTERS 


‘The directional filters discussed in Chapter 14 have a constant- 
resistance input impedance provided that their output ports are termi- 
nated in their proper resistence terminations. Filters of this sort, 
when all designed for the same terminating resistance, can be cascaded 
as shown in Fig. 16.02-1 to form a multiplexer which in theory com- 


pletely avoids the filter interaction problem mentioned in Sec. 16.01. 


fo tb fe {g 
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FIG. 16,.02-1 EXAMPLE OF DIRECTIONAL FILTERS USED 
FOR MUL TIPL EXING 


Each filter provides the proper termination for its neighbor, so that 

to the extent that there are no residual VSWR's due to desigi and 
manufacturing imperfections, the system is reflectionless. In Fig. 16.02-1, 
Kilter a removes al} of the energy at frequency f ., but passes on the 
energy at al} other frequencies. Filter 6b removes the energy at 


fveauency f, and so on. 


The use uf direcrional filters for multiplexing is a conceptually 
simple and elegant way of solving the multiplexer problem. In maay \ 
cases it is also a very practical way of dealing wich multiplexing 
problems, though by no means always the most practical way. Each fiiter 
will generally have some parasitic VSWR, which will affect the system 


significantly if many filters are to be cascaded.  ffowever, probabil y 
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the greatest practical drawback of directional filters is that each 
resonator of each filter has two different orthogonal modes, and if 

more than one or two resonators are required per filter, the tuning of 
the filters-may be difficult. Although an effort is made to tune the 

two modes of each resonator indcpendently with separate sets of tuning 
screws, the tuning screws for one mode generally have some effect on 

the other mode, so that some iteration in the tuning process is generally 
required. Thus, if there are more than, say, two resonators per filter, 
the fact that the two modes in each resonator must be tuned separately, 


along with unavoidable interaction effects in the tuning mechanism, can 


make the tuning process quit. tie consuming. 


Figure 16.02-2 shows another form of directional filter which aiso 
has the constant-resistance input properties exhibited by the filters 
in Chapter 14.!+2+3 [In this circuit two hybrid junctions are used, such 
as the 3-db couplers in Sec. 13.03, the 3-db branch-guide couplers 
treated in Secs. 13.12 and 13.13, ‘short-slot hybrids, or Magic-T’s. [In 
the case of the Magic-T, an extra quarter-wavelength of line ts required 
on one of the side ports of the hybrid in order to give the desired 
90-degree phase difference between the outputs of the side ports of the 
hybrid, In Fig. 16.02-2, the required phase relations for transmission 


between the various ports is indicated by arrows and numbers. 
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FIG. 16.02-2 A TYPE OF DIRECTIONAL FILTER FORMED FROM TWC BAND-PASS 
FILTERS AND TWO HYBRIDS 
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Besides the hybrid junctions, the circuit in Fig. 16.02-2 also — 
uses two identical baud-puss filters which are designed to pass some 
frequency f., which the circuit is to separate from other frequencies. 
Thus, 1f four frequencies f,, ip Ne 125 and f, are introduced at Port 1, 
the energy at frequency f, is divided equally between the two side arms of the 
hybrid on the left, it passes through the two band-pass filters, and on 
into the side arms of the hybrid on the right. Because of the phase 
relutions of the two components, the signal cancels to zero at Port 3, 
and all of the energy at frequency ff, emerges from Port 4. Meanwhile 
the other frequencies re ie and fq are reflected by the band-pass 
filters and they re-enter the side arms of the hybrid on the left. 
Because of the phase relation, the components cancel] at Port 1 and all 
of the energy at these frequencies emerges from Port 2. The over-all 
performance of this circuit is just like that of the directional filters 
in Chapter 14, and filter circuits of this type may also be cascaded as 


indicated in Fig. 16.02-1. 


The circuit in Fig. 16.02-2 will usually be much easier to adjust 
than the directional filters in Chapter 14, if there are very many 
resonators per filter, The two identical band-pass filters can be tuned 
separately, and the performance of the hybrid junctions is not particularly 
critical, For example, if the power split of the hybrid junction is not 
equal, and, say, is so bad that twice as much power comes out one side 
arm as comes out the other, the net result if both hybrids are identical 
witl be to intreduce only 0.5 db of attenuation in the transmission from 
Port 1} to Port 43 The circuit in Fig. 16.02-2 has the drawback, however, 


of being physically quite complicated and in many cases quite bulky. 


In sunmary, directional filters with their constant- resistance 
input properties provide attractive possibilities for use in multiplexers. 
However, they also have appreciable practical drawbacks. Ia any given 
design situation their merits and drawbacks should be weighed against 


those of other possible multiplever techniques. 


SEC. 16.03, MULTIPLEXERS USING REFLECTING NARROW -BAND 
FELTERS, WITH GUARD BANDS BETWEEN CHANNELS 


If the channels of a multiplexer are quite narrow (say, of the 
order of } percent bandwidth or less) and if the channels are separated 


by guard bands which are several times the pass-band width of the 


560 


individua]) filters (or more), then various relatively simple decoup] ing 
techniques should work quite well for preventing harmful interaction 


between filters. 


One method is shown in Fig. 16.03-1.'°'4 In this figure a three- 
_channel waveguide multiplexer is shown; the individual filters are of 
the iris-coupled type discussed in Secs.. 8.06 and 8.07. At frequency 
f,, the filter on the right has a pass band while the other two filters 
are in their stop bands. Since the filters are of relatively narrow 
bandwidth, the first resonator of both the upper and the lower filter 
is relatively loosely coupled to the main waveguide, hence the input 
coupling irises of these two filters introduce only smal} reactive 
discontinuities in the main waveguide, These discontinuities will 
disturb the response of the filter on the right a little, and if this 
is objectionable, it can be compensated for by small corrections in 
the tuning and input coupling of the first resonator of the filter on 


the right. 
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FIG. 16.03-1 A MULTIPLEXER WITH NARROW-BAND WAVEGUIDE 
FILTERS MOUNTED SO AS TO ELIMINATE FILTER 
INTERACTION 
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Av frequency f, the upper filter in Fig. 16.03-1 has a pass band 
while the other filters have stop bands and reflect small reactances to 
the main quide. If the upper filter is placed approximately one-quarter 
guide-wavelength (at frequency f,) from the input iris of the filter on 
the right, the filter on the right will reflect an open circuit to the 
plane of the coupling iris. (Actually, because of the residual reactances, 
somewhat Jess than a guarter wavelength should be best.) Thus, the 
filter on the right will be completely decoupled, and the energy at 
frequency f, will flow relatively undistursed out through the upper 
filter. There wil] usually be some residual junction effects to disturb 
the performance of the upper filcer a little. Again, these effects can 
be compensated for by small corrections in the input coupling iris size 


and in the tuning of the first resonator of the upper filter. 


~The lower filter is coupled to the main waveguide in a similar 
manner, If it is desired to add more channels, they can be mounted on 
the main waveguide at additional points corresponding to various odd 
multiples of ASA from the filter on the right in Fig. 16,.03-1 (where 
bs is in each case the guide wavelength at the midband frequency of the 


filter in question). 


« 


Figure 16.03-2 shows another decoupling technique, which has been: 
proposed by J. F. Cline.® Although the circuits have been drawn in 
lumped-element form, they can be realized in a variety of more or less 
equivalent microwave forms. In this case the filters are again assumed’ 
to be narrow band, with guard bands between channels. flowever, in this 
case decoupling between filters is achieved by a decoupling resonator 
adjacent to each filter. Since the filters are narrow band, their 
coupling to the main transmission line is quite loose, and the coupling 
between the decoupling resonator and the main line is a}so quite loose. 
Each decoupjing resonator 1s tuned to the pass-band center frequency of 
its adjacent filter. Because of their loose couplings the filters and 
the decoupling resonators have very little effect on transmission when 
they are off resonance. Suppose that a signa) of frequency i enters 
the circuit. Ft will pass the f, filter and the f, decoupiing resonator 
with very little reflection and go on to the f, filter and decoupling res- 
onator. The decoupling resonator is a band-stop resonator and in the 
upper circuit of Fig. 16.03-2 the f, decoupling resonator circuit will short-circuit 
the entire circuit to the right, while in the case of the lower circuit 


of Fig. 16.03-2 the decoupling resonator open-circuits the entire circuit 
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{see Ref. 6 by J. F. Cline, et al.) 


FIG. 16.03-2 MULTIPLEXERS USING DECOUPLING RESONATORS 
In tne upper structure filters with inductively coupled resonators are 
used, while the decoupling resonctors are capacitively coupled. In 
the lower circuit the reverse is true. 
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to the right. In this manner the energy is channelled to the desired 
filter with a minimum of interaction effects. Note that in this case \ 
the spacing between filters is not critical, so that this multiplexing { 
technique is particularly useful where it must be possible to tune the. 
various filters over a range of frequencies. In the figure the spacing 


A, between each filter and its decoupling resonator is assumed to be 


made as small as possible in order to avoid undesirable transmission- 


line effects. Residual reflections in the system can be largely compen- 


ee ee 
7 . se 


sated for by smal] adjustments of the tuning of the first resonator of el iW 
each fiiter, and of the coupling between the transmission line and the 2 


input of each filter. 


A possible way for utilizing the principle in Vig. 16.03-2 for 
waveguide filters is suggested in Fig. 16.03-3. The band-pass filter 
shown is of the iris-coupled -type discussed in Secs. 8,06 and 8,07. The 
decoupling. resonator is of the waveguide band stop type discussed in 
Chapter 12. The band-stop resonator presents a very large series 
reactance when it is resonant, but this resonator is located a quarter- 
guide-wavelength from the band-pass filter so that when looking right 
from the band-pass filter a very large shunt susceptance wil] be seen 
when the filter and band-stop resonator are resonant, The filter, being 
series-connected wil} then receive™all of the energy at frequency f., 
and any circuits,to the right will be completely decoupled, Just outside 
of the pass band of the band-pass filter, the first resonator of the 
band-pass filter will present reactances to the main waveguide which 
are similar in sature to those presented by tlre band-stop resonator. 

Thus at frequencies off f,, the structure functions almost exactly like 

a Were Souder biundsstopi lt) cera Met Neghorm@ urn elt it, 12.08-1, operating 

in its pass band, It should be possible te drsigi tie band-stop res- 
onator using the band-stop filter techniques discussed in Chapter 12, 

(The band-pass filter 1s replaced mathematically by a band-stop resonator 
having a Similar off-resonance reactance characteristic, and the decoupling 
resonator represents the second band-stop resonator.) Using this approach 
the band-pass filter and band-stop resonator combination could present a 
well-controlled Jow VSWR at frequencies off f,, just us occurs in prop- 


erly designed two-resonator band-stop filters. 


The approach suggested in Fig. 16.03-2 and 16,03-3 looks especially 
attractive if very many channels are to be multiplexed, because using 


this approach the individual] band-pass filter and decoupling resonator 
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FIG. 16.03-3 A POSSIBLE METHCD FOR REALIZING DECOUPLING 
RESONATORS IN A WAVEGUIDE MULTIPLEXER 


units can be developed and tested separately, and then connected 


together more or less as is convenient, Strip-line, 


semi-lumped-element forms of these structures are also possi 


bie. 


SEC. 16.04, MULTIPLEXERS WITH CONTIGUOUS PASS BANDS* 
The multipiexers discussed in the preceding section were assum: 
to have guard bands separating the various operating chaane) bands. 


ee a qe ee ee 


* 
The design equations and trial designs in this section were worked out by E.G. Cristal 
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Coaxralr-fine, wand 


The multiplexers to be discussed in this section, however, are assumed 
to have contiguous channels so that channels which are adjacent have 
attenuation characteristics which typically cross ovet at their 3 db 
points, Most diplexers are simply two-channel versions of multiplexers, 
su ihe same principles apply to them. However, some additional comments 


with respect to diplexer design wil! be found in Sec. 16.05. 


Figure 16.04-1 shows a schematic drawing which consists of WN 


channels composed of specially designed band-pass filters. The channels 


— 


are connected in parallel, and a susceptance-annulling network is added 

in shunt to help provide a nearly constant tota! input admittance Ler 

which approximates the generator conductance G,, across the operating 

band of the multiplexer. Figure 16.04-2 shows the analogous case of a 
series-connected multiplexer. Since the series case is the exact dual 

of the shunt case, so that the same principles apply to both, our attention 
will be confined largely to the shunt case, However, it should be under- 
stood that the same remarks apply to series-connected multiplexers simply 
by replacing admittances by impedances, parallel connections by series 
connections, and the filters and annulling networks used for parallel 


connections by their duals. 


The singly terminated low-pass filter Tchebyscheff prototypes. 
discussed and tabulated in Sec. 4,06 are very useful for use in the design 
of band-pass filters for multiplexers of this type. Consider the singly 
terminated low-pass filter circuit in Fig. 16.04-3, which is driven by 
a zevto-impedance generator at the right end and which has a resistor 
termination only at the left end. As was“discussed in Sec. 4.06, the 


power delivered to the load on the left in this circuit is given by 


Pos le |? Re Y} (16.04-1) — 


where is the admittance seen from the generator, ‘Thus if the filter 


y! 
a ke 
has a Tchebyscheff transmission characteristic, Re as must also have a 
Tchebyscheff characteristic. Figure 16.04-4 shows typical Re Yi character- 
istics for Tchebyscheff filters designed to be driven by zero-impedance 
generators, Notice that in the figure a low-pass prototype filter 
parameter g*,, 1s defined, This parameter will be referred to Tater 

with regard to the details of multiplexer design. towever, it should 

be noted at this point that either (als or its reciprocal corresponds 


ro the geometric mean between the value of Re Ms at the top of the 
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FIG. 16.04-1 A PARALLEL-CONNECTED MULTIPLEXER 
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FIG. 16.04-2 A SERIES-CONNECTED MULTIPLEXER 
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FIG. 16.04-3 A LOW-PASS PROTOTYPE FILTER DRIVEN BY A ZERO-IMPEDANCE 
GENERATOR f 
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FIG. 16.04-4 REAL PART OF THE INPUT ADMIT TANCE 
FOR TCHEBYSCHEFF FILTERS OF THE 
TYPE IN FIG. 16.04-3 
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ripples and Re Y) at the, bottom of the ripples. This admittance level 
for the low-pass prototype is analogous to the terminating admittance 
G, in Fig. 16.04-1, for the actual multiplexer with band-pass filters. 
That ais, by the methods of this section the multiplexer is to be 

designed to have a Tohebyscheff Re Yo, characteristic with Gp, equal to 


the mean value of the ripples. 


The principles of this design procedure are most easily understood 
in terms of an example. Consider the comb-line ‘filter in Fig. 16.04-5 
(which can be designed by a modified version of the comb-line filter 
design techniques discussed in Secs. 8.13 and Sty in this figure 

the filter has been designed to include a fine-wire high-impedance line 
at the right end, for coupling to the common junction of the multiplexer. 
This type of coupling to the main junction has the advantage of relieving 
possible crowding of the filters at the common junction, Other coupling 
methods, such as series, cCapacitive-gap coupling, could also be used, 
However, it should be noted that although numerous types of “fabver 
structures and structures for coupling to the common junction are possible, 
these structures must be of the sort which tends to give a small suscep- 
tance in the stop bands, if the filters ure to be connected in parallel. 
If the filters were of the type to present large susceptances in their 


stop bands, they would tend to short-circuit the other filters. 


A four-resonator, 10-percent-bandwidth filter design was worked out 
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FIG. 16.04-5 A POSSIBLE COMB-LINE FILTER CONFIGURATION 
FOR USE IN MULTIPLEXERS 
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FIG. 16.04-6 COMPUTED INPUT ADMITTANCE CHARACTERISTIC OF A 
COMB-LINE MULTIPLEXER FILTER AS SHOWN IN FIG. 16.04-5 


This filter has four resonators 


terminated prototype having 1l-db ripple. (The prototype element values 
were obtained from Table 4,06-2). This filter design was expressed in 
an approximate form similar to that in Fig. 8.14-1, and its input 
admittance Y, was computed using a digital computer. The results are 
shown in Fig. 16.04-6, normalized with respect to G,. Note chat 

Re ¥, /G, is very nearly perfectly Tchebyscheff, while in the pass band 
the slope of Im Y,/G, is negative on the average. (Note that the right 


» 


half of the dashed curve is for negative values.) 


If band-pass filters with iaput admittance characteristics such 
as that in Fig. 16.04-6 are designed to cover contiguous bands, and if 


they are designed so that the Re Y,/G, characteristics of adjacent 
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filters overlap at approximately their Re Vi Gage = OF St ents: oF slightly 
r Y u ry y MS meet ee when 
they are paralleldd) will alse fiave an approximately Tehebyscheff real 


below, then their total input admittance Y 


part characteristic. This was done Yin. the example in Fig. 16.04-7(a). 
This figure shows the computed veal-part. characteristic for three paral - 
leled, comb-line ‘filters with contiguous pass bands, where the individual} 
filters have input admittance characteristics as shown in Fig. 46.04-6 
except for a shift: in frequency.” Figure be-04-7() shows the correspond- 


me Ip Vo/G characteristic for this three-channel design. 
5 Tg & 


Note that the Tm eo cheracreristia sun byes NOlLOterCios 4 6 negative 
on the right side of the figure, and that on the average the slope of the 
curve iS negative throughout the operating band of the multiplexer. Since 
by Foster's reaetance theorem, the susceptance Slope of a Tosstess network 
is always positive, the operating-band susceptanee in Pig. 16.04-7(b)with 
ILS average negative slope can be Largely cancelled by adding an appro- 
prrace Losslesseshunt: ramen (vitieh will lowes a positive susceptance 
slope). In this case a Susceptance-aunnubling branch could consist of a 


short-circuited stub of such a length as to give resonance at the normal - 


ized frequency wfary = 1.02, where the Im Ve Gy ecurvesan tage 16.0447 (hj as 
approximately zero. Estimates indicate that if the stub bad a nermalized 
characteristic admittance of VO eae O02, otic susceptance slope of tie 


annulling network should be about Pret SP gure (}6, 0468 shaws the norna 
ized susceptance Vy OG (hie 16, 0429) after the susceptance-annul ling 


network has been added. Note that @lthough fm } has not been complete 


TN ? 
Eliminated; it has heen wreatly reduced. 
Since Re er ae = Re y 1G) ee lies Ge col bnput admitlance ete eo eae st 
annulling network in place is piven by hr es.  TOLON-T Cad and 16, 0PEE Te 


the extent that Voy approximates a constant, pure conductance across 
operating band, G, and LAF fie bhite PVG SO le eer) Peace taskn, Pes St ive colt 
divider, and the voltae developed across uerminalsy A > AS will be econ- 
stant with frequency, Under these conditions the response of the ind: 
vidual fillers would be exact ly the same as if they were driven by ze 
impedance generators (as they were ecard tobe “drryen),  Wowever 


YON ently approximates a pure constant conductance, the performance wi 


altered: somewhat from this idealized per formance. 


The driving generator conductance Gy, for the trial multiplexer 
g A 5 = tae it fan ae q ’ F eee ‘ 
design was piven a normalized value of fo ee ) wIEGh makes. the 
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FIG. 16.04-8 Im Yin/Ga vs. FREQUENCY FOR MULTIPLEXER WITH COMB-LINE FILTERS 


generator conductance equal to the mean value of the ripples in 

ito NO. O47 (aie Rigure 16,04-9(a) shows the computed response of the 
multiplexer, while Fig. 16,04-9(b) shows the details of the pass-band 
response in enlarged scale. Note that the attenuation characteristics 
eress over at about the 3-db points, and that though the filters were 
designed to have |-db Tehebyscheff ripple when driven by a zero-imped 
generator, the pass-band attenuation is much less than that in the 
completed multiplexer. This is due largely to the fact that adding the 
generator internal conductance G, tends to mask out the variations ia 


B 
2 1} y 


Ke [See Also, choosing G, to be equal to themean value of Re Y,, an 


the operating band tends to reduce the amount of mismatch that wii? 


Some Practical Details-——The discussion of the example above has 
laid out the principles of the multiplexer design tecanique under 


consideration, Some steps will now be retraced in order to treat ‘Sig 


details. 


When designing the band-pass channel filters using singly Cercm 
nated prototype filters such as that in Fig. 16,04-3, the prototy 
a 


» ’ . . j y . yas j Se a Wak € yey j t 3 q 
element values Byr Gye - oe By B,,, Cam bevobtaraed from che cabte 
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' FIG. 16.04-9(a) COMPUTED CHANNEL ATTENUATION OF MULTIPLEXER WITH 
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FIG. 16.04-9(b) DETAILS OF PASS-BAND COMPUTED PERFORMANCE GF 
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int Sec. A206. Note, Gliewe ina this case pz rrtern W which corresponds to the 
infinite-internal conductance of a-zero-impedance voltage generator (or 
for the dual case, the impedince of an infinite-internal- impedance current 
generator), In the actual multiplexer the filters will be driven by a 
faces Tul ertale faednaut Generator, so it 18 convenient to replace 

CES Pre by Bais defunct anePaglhyG. 042940 As has been previously dis- 
russed, (see (or its recrprocal) is a prototype paramete) corresponding 
to the -c onductance Gp (or the resjstance R, for ‘the dnalssenpesceunnectied 


case) of the termination: to be used at the common junction of the 


multiplexer, 


_ The band-pass filters for a multiplexer can be designed by the 
methods of Chapter 8 or Chapter 10, using any of a variety of ‘structures. 
For example, if a Jumped-element structure were desired it could he 
designed directly from the prototype in Fig. 16.04-3° using the mapping 
procedure summarized in Fig: One) ihe resulting falter wwould he 
as shown in Fig. 16. 94-1029 “Note that this fiver SlL4rls out with a 
serles resonator, which will cause the input admittance as to be smal] 
in the stop band. This is necessary forma falter to We wsed’ inca 
pacallel-conneeted mokteplexér’ She dual form of filter which has a 
shunt resonater at its input 1s appropriate for a series-connected 
mii plexor se Wate thocasesmote filters ane as those qn hiv. 8102-3 o6 
6.02-4 in which the resonators are coupled by J- or K-inverters (Secs. 4,32, 
BeO2 anu eS ,03i)m stan s necessary that the inverters next to the common 
junction of the mulbviplexe re hbevol the J-inverter typenthig 803-2) VF 
the filters are to be connected. in parallel; andwteWwacrtirey beret tie 


Kovaverter type (Pip. 8.03-1) if Ube fii ters aresto be connected: in series. 
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FIG. 16.04-10 A LUMPED-ELEMENT BAND-PASS CHANNEL FILTER 
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Most of the design data in Chapters 8 and 10 applies directly to 


the design of multiplexers without any changes, at least for the case 
where the desired terminations of the multiplexer are all equal. Some 


exceptions are the design data in Figs. 8.09-1 and 8.13-1(b), 
Tables 10.02-1 and 10.06-1. 


matching end section 


and in 
These design procedures incorporate special 
s which have an effect’ like referring the desired 

Y, (or Z,) input characteristic through a length of transmission line, 
which will cause the real part of the input admittance (or impedance) 
to not have the desired shape. This problem can be overcome ‘by replacing 


the matching section at the end of the filter. which is to be connected 


This 
is what was done in the case of the comb-] ine filter in Fig. 16,04-95 


This point will 


to the multiplexer junction by a semi-lumped-element inverter. 
where a fine-wire coupling is shown at the right end. 


be discussed further, later in this section, 


After the low-pass prototype filter parameters have been specified 
there is no choice in the ratio G,/G, of the terminations if lumped- 
element filter designs of the form in Fig. 16.04-19 are to be used. 
Also, the ratio GuiG, 13 notiunity (for that “case—a situation that could 


be inconvenient. flowever, in the case of designs using impedance inverters 


(as in the generalized cases in Figs. 
can be specificd as desired, 
necessary impedance transformations. 


Fig. 8.02-4, G,, G 


p and the resonator 


A? 


arbitrarily, and the impedance-matching conditions wil] 


come out 


and Nee 


Determination of Fractional Bandwidths So 


Cross-Over Frequencies--Since it is usua 


multiplexer under discussion for adj ac 


their 3-db points, care must be taken 


‘as-is called for by the prototype parameters, 


SwOZe and 8.02-4) the terminations 


and the J- or K-inverters wi}] provide the 


For example, using the data in 
slope parameters OF can be chosen 
automatically 
64:6 g 


eee 


Bo. 


As To Give Desired 
Ily desirable in the type of 
ent filters to cross over at 


in choosing the filter bandwidthe 


to provide for this condition, 


By adapting Eqs. (4.0324) and (4. 03-5) 


an explicit expression for Re Y, for the singly lo 


aded low-pass prototype 


filter can be obtained as a funétion of w’. Then for n even 
w' | Cy pi ea is We 7 
— = _ cosh '[paegah i | (16.04-2) 
w! n € ie Re Yy 
a >a) 


where 


, 


Ly, 
ent ts barreled ae , (16.04-3) 


L,, is the db: Tchebyscheff ripple of the prototype filter, Ry is the 
termination in Fig. 16.04-3, and Re y. and we are as indicated in 

Fig. 16.04-4. Having specified Ry Re ys = 0.5, corresponding approximately 
to the 3-db point, then the designer can solve for the corresponding 
normalized frequency w! fw. From this the required fractional bandwidth 
can be obtained by using the low-pass to band-pass transformation appro- 
priate for the filter structure to be used. For example, suppose that 


the desired cross-over points are f, and f, 7 f and an appropriate 


a’ 


mapping function is 


F%, 


ae 


w' 2 ( Sige) 
BR hog yee ered | (16.04- 4) 
w w 


where 


Then the required fractional bandwidth is 


| 

2 ee “| = 

wy = || eh Bas (16. 0-4-5) 
fo oi 


where w/w! is specified for the desired 2-db point oy use o bal Gaudin 
i P Pp $ 


provided that a is even, If n is odd, Eq. (16.04-2) becomes 


orgie TF | 
w' i Sea i Go \t , 
= cosh]|— cosh —\| ——. ~— 1j} (16.04 
ws haw n eae s) 5 ‘| 
wo 70 
Coupling to the Common Junction—Although other weaus of coupling 


would have also been possible in the comb-line multiplexer example 
this section it was assumed that the filters were coupled to the center 


junction by series inductances formed from high-impedance wire. 
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Figure 16.04-11 shows a aes 


high-impedance wire and its ; o——_________ 
equivelent circuit when used 
as a J-inverter. The comb- 
line filter design equations 
discussed in Secs. 8.13 and (0) 

‘8.14 were modified to use 

this type of inverter at pr AAS 5 ae 
one end of the filter. The eer 
susceptance B at one side 


of the inverter in 


Fig. 16.04-11(b) was compen- 
sated for by absorbing it 


onal ’ 8 
into Resonator n, while the ars [ton 2 crea] 
susceptance B on the other ne 
: b) 
side of the inverter was A- 3527-601 


effectively absorbed into 
FIG. 16.04-11 USE OF A HIGH-IMPEDANCE WIRE 
AS A J-INVERTER 


the” susceptance-annul ling 
network, In this case the 
hi gh- impedance-wire type of 
coupling was suggested 
because it would help prevent the common junction from being crowded, 
However, it is desirable to keep the high-impedance wire quite short in 
order to avoid unwanted resonances, while not having it so smallan 
diameter that it would increase the losses. Thus, in some narrow-band 
cases, Cupacitive-gap couplings to approximate inverters as in 

Pig. 8.03F20b)) wilde ba preferable, Table 16.04-1 summarizes the equa- 
tions used in the desivn of the filters for the example of Figs. 16.04-5 


to 16.04-9(b). 


Figure 16.04-12 shows the general form of another type of multi- 
plexer structure once built by one of the authors. This multiplexer 
split an octave band into three parts, and used capacitively coupled, 
strip-line filters of the form in Fig. &.05-4(a), Although the filters 
used series-capacitance couplings everywhere except at the common junction 
of the multiplexer, high-impedance wire coupling (t.e., series- inductance 
coupling) was used at the common junction, as indicated in Fig. 16.04-12. 
(In this case the wire was bent into a rectangle as shown.) The wire 


plus a small section of the auyacent SU-chm line were regarded as 
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Table 16.04-1 


DESIGN EQUATIONS FOR COMB-LINE FILTERS WITH HIGH-Z) WIRE COUPLING 


Choose a low-pass prototype filter and values for G, 
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SOY raGei= AY ps 
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a 
Yibhie 
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~~ 
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HIGH - IMPEDANCE ve 
WIRE COUPLINGS \ 


FIG. 16.04-12 


IN SEC. 8.05 


SUSCEPTANCE 
ANNULLING STUS 


4-D027-909 


A SCHEMATIC DRAWING OF A THREE-CHANNEL 
MULTIPLEXER USING FILTERS OF THE TYPE 


Capacitive coupling is used except at the common 


junction 


comprising an inverter of the form in Fig. 8.03-2(c). 


coupling and point of view was used 
smal! capacitive coupling gaps that 
and because in this particular type 


reference plane for paialleling the 


This type of 
because it eliminated the undesirably 
would otherwise have been needed, 

of filter it provided a conventene 


filters. In this case only a smaj] 


capscitive stub was found to be required for susceptance annul ling, 


This result was partly due to the large band covered by the multiplexer 


and probably partly due to the rather sizeable junction effects present 


in this particular design 


designed for 1 db or less transducer loss 


this performance quite well, 


at the common junction, 


The multiplexer was 


in the pass bands, and achieved 


The input VSWR at the common Junction was 


2:1 or less across the entire octave operating band of the multiplexer, 


which indicated that the desired contiguous pass-hands had been achieved, 
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Design of Annulling Networks—-Solution of integral equations given 
by Bode® shows that if the real part of an admittance has the rectangular 


form defined by the equations 


Re Y, = 0 for 0 Sai < w 
= G, for wos w < w, (16.04-7) 
=) 40) for ws w < WwW ; 


then the minimum imaginary part 1S piven Ly 


| w i 2 
| Nae ol ee 
G (ez) usd 
Im Y¥ us Petia t gee Og NOT ee 
T = n ; 9 (16.04-8) 
Wy  & w 
ig 
@ Le 
where 
aN = ORG: 
and 
as are sy 
w = . 
w 
0 


The imaginary part above is minimum in the sense that no shunt susceptanc: 
could be removed from the network without « :king the network non-physicai 
When the filters for a parallel-connected multiplexer are designed by the 
meiiods of this section, wafter the fritters! are connected, the real part o3 
the total input admittance can be approximated by kq. (16.04-7), and to 
the extent that there is no shunt susceptance in the couplings to the 

common junction, the imaginary part can be approximated by Eq. (16.04-8 
For example, Fig. 16.04-13 shows computed curves of He Y, and Iwi 
for a four-channel, lumped-element filter multipleser design (the selid 
lines), along with corresponding approximations obtained using Eas. 6 
and (16.04-8). Note thar the degree of agreement is quite good, Ina the 
case of Figs. 16.04-7(a),(b) the ripples in Re Y, are banger So coh vet 


accuracy would be less good on’that score. Also note from F: 16.04-7(5) 
& 5 


le2 

bes 

oo] 
” 


that Im Y, dues not pass through zero near the middle of whe op 


ow 
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————— CORRESPONDS TO USING 0.2db TCHEBYSCHEFF FILTERS 
———-— CORRESPONDS TO RECTANGULAR Re Vy1/Gp 
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FIG. 16.04-13. Y,; FOR A LUMPED-ELEMENT MULTIPLEXER COMPARED WITH Y_ 
FROM EQS. (16.04-7) AND (16.04-8) 


range, as Eq. (16.04-8) indicates it should. This, however, is accounted 
for by the residual shunt susceptance B indicated in Fig. 16.04-11(b), 


for the high-impedance wire coupling to the common junction, 


In many practical cases it may be desirable to design the susceptance- 


annullding network after assembling the multiplexer and measuring the 


admittance characteristic at the common Junction (or the impedance 


characteristic if the multiplexer is serles-cennected), [Tn this manner 


all significant effects due to the physical size of the common junction 


can be.accounted for. Wowever, when such junction effects are relatively 


small, Eq. (16.04-8) (plus a possible correction for any shunt susceptance 
known to be present across the inputs of the filters) should give a very 


useful estimate of what the imaginary part of Y, will be.  taving this 
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estimate, the Susceptance-annulling network can then be designed, The 
required annullTing network for a paral lel-connected multiplexer is 
generally a parallel-resonant circuit having zero Susceptance at the 


frequency where Im Y, 18 zero, 


In much of the above discussion the comments have been in terms of 
admittances and parallel-conneeted mibCrpacxers. Tt should be recalled 
that the same remarks apply in an auclogous way to impedances in a dua} 


series-connected multiplexer, 


SEC. 16.05, DIPLEXERS WITH CONTIGUOUS Pass BANDS 


Diplexers are basically two-channel multiplexers, hence they can be 
designed by the same techniques discussed in Sec. 16.04. liowever, since 
dipiexers are frequently composed of low-pass and high-pass filters 
rather than two band-pass filters, this case will be piven some special 
attention, Also, an alternate procedure for the design of diplexers 
will be suggested, 

Figare 16-05-11 straws a diplexer consisting of a low-pass filter and 
a high-pass filter. Using the design viewpoint of Sec. 16.04, a Singly 
loaded prototype from Sec. 4.06 is used for designing the low-pass filter, 
while the same prototype used with the mapping procedure in Fig. 7,07- 
can be used for design of the high-pass filter. The proper equal-ripple 
band- edge frequencies needed to cause the filters to cross over at their 


3-db points can be determined with the aid of qs. (16.C4-2), (16.04-3), 


O 7 eae 
Ga : Sa 
Mle » pene | 
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FIG. 16.05-1 A PARALLEL-CONNECTED DIPLEXER COMPOSED OF A 
LOW-PASS AND A HIGH-PASS FILTER 
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and (16.04-6), along with the low-pass to high-pass mapping in Sec. 7.07. 


Tt can be shown that in this case the two filters will annul each others 


Susceptances about as well as can be done, without any additional suscep- 


tance-annulling network. In fact, if the filters were designed from 
maximally flat, singly loaded prototypes, thie imaginary part of the 
input admittance Y, in Fig. 16.05-1 could be made to be exactly zero at 
all frequencies ce least for the idealized lumped-element case). The 


actual filters for a microwave diple 


: 


xer such as this could in many cases 
be designed using the methods of Secs. (ORS Cay 07. 4 


ci 


In some cases it will be convenient to use a wide-band band-pass 
filter for the high-frequency channel, 
of the form in Fig. 16.05-1. 


rather than a high-pass structure 
In this case the susceptances of the two 


filters will not annul each other as well. Using Bode’s integral 
* if the two filters ure designed so that the real part of 


their input admittance after parallel connection 


equations, 


is approximately 


A Ss < : | 
Renky ite G, for 0 = w= w, a 
(16.05-1) 
= 0 for as w< © 
then the minimum imaginary part i's Biven by 
Ge is 7 a 
Tay 2 een (16.05-2) 
7 oO + w q 
b 
f 
where the significance of the term “minimum” is as discussed with” 
reference to Ba. (16. 0458) ial meee case the susceptance can be largely 
annulled by # series- resonant shunt branch having a susceptance/of the 


: 4 . ; | 
form -° . — 


bat v? 
w ee 4 gt oF 
w L |—--—— ‘ 
3 ra) Ww : 
Sp i] 


where @. is slightly larger chan w, and L is a constant (ive. pia 


inductance for a iumped circuit), 


w for Liplexer Design—We will now consider 
an alternative approach to design of diplexers. This 


An Alternative Point of Vie 


approach cequires: _ 


more guess work than is required for the aproach suggested above, however, 
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it has a possible advantage for some situations in that it can be used 
to modify conventional doubly terminated filters for use in diplexers, 
The approach about to be described is in ney respects equivalent to 
the “fractional termination” method used for paralleling filters 
designed on the image basis.®- In the discussion to follow series con- 


nection of the filters will be assumed, though the same technique applies 


analogously to the dual case of parallel-connected diplexers. 


Figure 16.05-2(a) shows a low-pass filter and a band-pass filter 


with dotted lines indicating wires for connecting these filters in series. 


>) 
ic 
lai 
ey cee 
J iL 


BAND-PASS 


ee yX, 
LOW~ Pass i a Kc 
FILYtLR Tie Sy ites ee | FILTER | 3! L 


LOW- PASS : SL | BANO-PASS $ 
<a 
q 


a 3 is i 
ES eet FILTER 


FILTER 
lewis tf percha 


(b) ROA-2326-TO- 217 


FIG. 16.05-2, FILTERS CONNECTED IN SERIES 


¥f each of these filters were designed to operate normally with 
resistance terminutions at both ends, the two falter’s performance woul 
be gpreatty disrupted by this connection. This disruption would be de 
to the fact that although each filter exhibits a nominally resistive 
input impedance in tts individual pass band, each filter also exhibits 
large reactive impedances in its stop band. Thus if the filters shown 


in Fig. 16.05(a) have. contiguous pass bands, the band-pass filter wil 
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introduce a large reactive component in the terminating impedance seen 
by the low-pass filter in the pass band of the low-pass filter, while 
She low-pass filter will introduce a large reactive component to the 
terminating impedance seen by the band-pass filter in the pass band of 


the band-pass filter, — we 


The large stop-band reactive components of the input impedances 
Z, and Z' of the filters in Fig. 16.05-2(a) are due largely to-the 
series reactances X, and X; shown. If these are removed, the remaining 
input impedances 2, and Z, have the same rea] part characteristics but 
much smaller stop-band reactances. Thus, to form 8 diplexer, jx, and 
1X, are removed and the remaining circuits are connected as shown in 
Fig. 16.05-2(b). Next, an additional reactance jX" is introduced to 
further adjust the imaginary part of Z. in order to cause 

Me iW AG oe Ae ESD (16.05-4) 

to approximate a pure resistance equal to RY as nearly as possible.” 
In the pass band of the low-pass filter 2) + jX" represents, under the 
conditions described above, a reactance about equivalent to jX, in that 
band, so that the low-pass filter will operate very nearly in its normal 
fashion throughout its pass band, Likewise, in the pass band of the 
band-pass filter, 2, + jX" represents a reactance about equivalent to 
jx, in that band, so that the. band-pass filter will operate very nearly 
in its normal fashion throughout its pass band. However, the removal 
of the series branches JX, and jx, may result in some reduction in 


stop-band #ttenuation of one or both filters. ? 


Figure 16.05-3 shows a diplexer that was designed by use of this 
approach. The low-pass channel was compesed of the filter in Fig. 7.03-3(a) 
cut off just to the right of the lust capacitive disk on the right of the 
filters o Thurs corresponded to removing JX, can Frg. 16.05-2¢a). The uppeme 
channel used a band-pass filter of the type discussed in Secs. 10.03 
and 10.05. This filter was designed as though it were to have a series 
‘stub at one end (making a series resonator). This was accomplished by 


designing that end of tie filter using the equations in Table 10. 03-1, 
while the other half of the filter was designed using the equations in 
ee en 
25 . A % iy . ‘ 
this assumes that the normal terminating impedance next to Zand Z for the individual 
filters in Ao le atsc assumes that the frequency responses of the filters are scaled to 
intersect close to the 3-db points, 


tre decrease in stop-band attenuation resulting from the removal of jX, and phe is lurgely 
compensoted for as a yesult of the input voltage reduction in the stop band of*each filter 
due ts the sartes loading of the other Cilter. ; 
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FIG. 16.05-3 PHOTOGRAPH OF A SERIES-CONNECTED DIPLEXER WITH THE 
~ COVER PLATES REMOVED 


This diplexer uses a low-pass and a band-pass filter 


Table 10.,05-1. fp the actual dipteyer the series efuh was not included, 
= 3 F ; 5 re : ain ~ 
which was analogous to removing the serres resonator iN, i lp Loaia- 
Then the impedances of the two filters cennected in series (with react- 
ances yA, and ja, removed) was computed, and the desired i 
: wet 5 ‘ * , 
reactance-annulling network jA" was determined, Jt wes found that a 


desirabie anaulling network should have a veactanee of the form 


cms 
X" = oe pas 
[u —- \ 
wf - | 
; uw ee , 
We / 
Note that Eq. (16.05-5) is the duah of that rir Eqe €16.0 ) ‘s 


to be expected since the former case is for a paralle] connection 


the later is for a series connection. 
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ee 


Figure 16.05-4 shows how the series connection was achieved in the 


diplexer in Fig. 16.05-3. The input line to the common junction passes 


of the input line connects to the center conductor of the coaxial Jow- 
pass filter, while the outer conductor of the input line connects to 

the band-pass filter, In this way a series connection is obtained. 
The annulling reactance jX" is obtained by using a disk to form a vadial 
line in series with the low-pass filter. . The common-junction for the 


series connection of the diplexer is the region marked A in the figure. 


Figure 16.05-5 shows the ineasured performance of the low-pass 
chante! of this diplexer, while Fig. 16.05-6 shows the performance of 
the high-pass channe]. As canbe seen from the figures, low pass-band 


attenuation with a sharp cross-over was obtained, - 


Either of the two diplexer design methods described above can be 
used with good results. The method where the filters are designed 
from singly loaded low-pass prototype filters has an advantage of 
involving Jess guess work for precise designs, and it should be capable | 
of superior performance when very low pass-band attenuation end very” a 
precise cross-over characteristics are required. ihe alternative point 
of view for diplexer design described above may not be capable of quite 
as good results because the individual filters were originally designed 
to be doubly terminated and were later modified. As such, the filters 
do not have quite as favorable impedance properties for interconnection 
as do singly terminated filters. However, the alternative method does 
haye the possible advantage that the individual filters can be construcke 


and tested first as conventional doubly terminated filters. 


_—_— OO 


This technique of feeding the multiplexer by » coaxial line within the shunt stub of the = 
band-pass filter was suggested by 5. B. Cohn, ; 3 
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FIG. 16.05-4 A PARTIAL VIEW OF A SERIES-CONNECTED DIPLEXER CONSTRUCTION 
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CHAPTER 17 


MECHANICALLY AND MAGNETICALLY TUNABLE MICROWAVE FILTERS 


SEC. 17.01. INTRODUCTION 


This chapter will deal mainly with band-pass filters such as might 


be desired for usé as receiver preselectors; however, some discussion of 


' band-stop magnetically tunable filters will be included. Although there 


are a variety of simple means for shifting the resonant frequency of the 
resonators of a filter, if it is desired Lo maintain constant bandwidth 
and response shape as the filter is tuned, the problem becomes fairly 
comp lex (Sec. 17.02). ‘The design data given in this chapter are slanted 
primarily toward designing filters with relatively constant response 
shape and bandwidth as the filter is tuned. Fortunately, in the case of 
magnetically tunable filters, the resonators inherently tend to give con- 
stant bandwidth, although there will be some change in response shape as 


the filter is tuned. 


Figure 17.01-1 shows the two types of mechanically tunable filters 
that are specifically discussed in this chapter. ‘The filter shown at (a) 
uses coaxial resonators that are tuned by sliding their inner conductors 
out or in, while the filter shown at (b) is tuned by a sliding wall on 
one side of each resonator cavity. ‘The constancy of the bandwidth and 
response shape for filters of these types is improved by proper choice 
of the locations of the coupling apertures and loops, as is discussed in 


Secs. 17.03 and 17.04. 


Certain materials that exhibit ferrimagnectic rcounaice have a high-@ 
resonance and can be easily coupled in to and out of using strip-line, 
coaxial-line, or waveguide circuitry. The resonant frequency of such 
ferrimagnetic resonators is controlled by a DC biasing magnetic field. 
Thus, it becomes possible to tune such resonators electronically by plac- 
ing the filter in the field of an electromagnet, and then controlling the 
current in the electromagnet by electronic means. Section 17.05 outlines 
the general properties of ferrimagnetic resonators that are important to 
their use in microwave filters. Section 17.06 discusses means for deter- 


mining the crystal axes of ferrimagnetic resonators~-a problem of 
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FIG. 17.01-1 COAXIAL AND WAVEGUIDE MECHANICALLY TUNABLE BAND-PASS FILTERS 
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considerable practical importance since the resonant frequency of fe ri- 
magnetic resonators is influenced by the orientation of the crystal axes 


of the material, with respect to the biasing DC magnetic field. 


Figure 17.01-2 shows several of the magnetically tunable filter 
structures discussed in Secs. 17.07 to 17.09. ‘The structure shown at (a) 
utilizes input and output strip lines that are completely separated by a 
dividing wall except for a small coupling slot next to the short-circuited 
ends of the strip lines. ‘There is negligible coupling between the two 
strip lines when they are without the ferrimagnetic resonators, however, 
when ferrimagnetic resonators such as spheres of single-crystal yttrium- 
iron-garnet (YIG) are added as shown in the figure, good transmissioa from 
one strip line to the other occurs, provided that the proper biasing mag- 
netic field H, is applied. The filter shown at (a)- will pive a two- 
resonator response, while that shown at (b) will give a three-resonator 


response. A waveguide two-resonator filter is shown at {c). 


A magnetically tunable directional filter is shown in Fig. 17.01-3. 
This filter is very similar in principle to the waveguide directional 
filters discussed in Sec. 14.02, except that the fixed-tuned electro- 
magnetic resonators used in the filters in Sec. 14.02 are here replaced 
by magnetically tunable ferrimagnetic resonators consisting of spheres of 
YIG (or of some other suitable material). Besides being magnetically 
tunable, the filter in Fig. 17.01-3 differs from those in Sec. 14.02 in 
one other important way. As a result of the non-reciprocal properties of 
ferrimagnetic resonators, the filter in Fig. 17.01-3 has circulator action 
at cresouance as well as directional filter action, For example, at reso- 
nance, energy entering Port 1 will go to Port 4, but energy entering at 
Port 4 will go to Port 3. . (The filters in Fig. 17.01-2 do not have this 


property.) Wirectional filters of this type are discussed in Sec. 17.i6. 


Magnetically tunable band-stop filters are also of practical interest 
Oue possible form for such filters is the strip-line filter structure show: 
in Fig. 17.01-4. This filter uses three YIG resonators placed between the 
strip line and one of the ground planes. This filter could be designed to 
produce a narrow stop band that can be moved in frequency by concrolliag 
the biasing magnetic freld. Band-stop magnetically tunable filters are 


discussed in Sec. 17.11. 


. 
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The tuning of microwave resonators by use of variable-capacitance 
diodes or by use of ferroelectric materials might at first seem to be 
attractive. However, these possibilities are not considered in ee 
chapter because at the time of this writing the Q's of available varactor 
diodes and of ferroelectric materials are not sufficiently high at micro-- 
wave frequencies to provide very satisfactory means for electronic tuning: 


of microwave-filter resonators. 


SEC 17.02, THEORY OF IDEAL, TUNABLE BAND-PASS FILTERS 


Although almost any kind of filter can be tuned by varying the lengths 
of the resonators, or by introducing variahle capacitive or inductive 
loading of some form in the resonators, there are considerations besides 
resonator tuning that limit the types of structures desirable for use as 
tunable filters. Generally, it will be desired that the filter response 
shape will remain more or less constant as the filter is tuned. If steps 
are not taken to assure constant response shape, it is possible that a 
filter might have a good Tchebyscheff response at one end of the tuning 
range, but at the other end have a response of considerably different shape 
and t-andwidth (and possibly with a sizeable reflection loss in the pass 
bund). Thus, we shali now want vo explore the factors that must be con- 
sidered if constant response shape (and also constant bandwidth) are to 
be maintained as a filter is tuned. Since tunable filters are generally 
of narrow bandwidth, it will be convenient to use the external Q’s of the 
end resonators and the coupling cocefficicnts Letween adjacent resénators 


as the basic design parameters (Sec. &. 02). 
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FIG. 17.02-1 A GENERALIZED FILTER CIRCUIT USING SERIES RESONATORS 
AND IMPEDANCE INVERTERS 


-Figure ET. 0241 shows @ generalized filter circuit with series 
resonators coupled by impedance inverters (Sec. 8.02). By Fig. &.02-3, 


the external U's of the end resonators of this cireuit are 


ae B81?) 
CS bre ce a a ae (17.02-1) 
: Koy /h, 
oa ATT Tren 
Oe eae ELEN i re eee (17.02-2) 
Ki nti / Re s? 


and the coupling coefficients between resonators are 


dda = 7 ¢ 
ete Se ee : (17.02-3) 
. = — 7 Marv 
pri to not EES mt 1 VB 5B 541 


In Eqs. (17.02-1) to (17.02-3), the K jer are impedance inverter 


parameters, the ©, are resonator slope parameters defined by 


Wy dX (w) 


where x is the reactance of resonator Jj, and wy is the resonant frequency 

Phe parameters 8), By +++) Bata? wy are parameters of the low-pass protec. 

type filter from which the band-pass filter is designed, and wv is the 

fractional bandwidth of the band-pass filter as measured to the points u 
@ 


and @, on its response, corresponding to @, on the low-pass prototype 


response (Sec. 8.02). 
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Examining Eqs. 


response to be preserved (t.e., 


some other response properties to be preserved) 
vary inversely with the fractional bandwidth w, 
efficients must be directly proportional to wv. 
that the absolute bandwidth be kept constant. 


fixed bandwidth in cycles per second, iy is any given tuning frequency of 


the filter, 


and Cie 


quency of the tuning range), 


> 


“ww  S  —eee 
? ms 
where 

woos 

is the mean fractional GeadwiadlN 

Eqs. (17. 02-1) to Chis 02-3) gives 
(V.) = 
(Ue eo 


and 


yegtt 


J=1 to a-l 


oO 


where all quantities on the right are constants except for Pee 


equations we see that in order 


width as the filter is tuned, 


tuning frequency Iq. while the coupling coefficients must vary inversely 


with the SEL frequency. 
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(17,02-1) to (1702-3), we see that for the type of 
for maximally flat, 


is the mean tuning frequency (t.e., 


then it is usually desired that 


fate (17.0225) 
fo : 
Af 
fea (17.02-6) 
Insetting Eq: (17102-5918 
& geist 
et -(17,02-7) 
wilfo), 


: t 
OB Earito 


to give a constant response shape and band- - 


the external Q's must vary directly with the 


‘ 


Tchebyscheff, 
the external Q’s must 
while the coupling co- 
Usually it is desired — 
Thus, if Af is the ‘desired ' 


the center fre-. 


v, Cf 9 Mia 


: (17.02-8) 
wifa) 


¥ (So), 


ora nae (17.02-9) 
OS YB 8 541 


From these 


The most commonly used tunable nals ~X 


filters use inductive couplings, and- 


the impedance inverters may be re- ie 
garded as being of the form in 

ee te K=Xx 

Fig. 17. 02-2. Ta the case of a a-992?-@32 


narrow-band filter (tunable filters 
FIG. 17.02-2 A FORM OF K-INVERTER 
i CORRESPONDING TO 
reactances in the inverter circuit SHUNT-INDUCTIVE 

of Fig. 17.02-2 would be very small. : COUPLINGS 


The negative, series reactances are 


are usually narrow band), all of the 


‘therefore small compared with the 

seactances that they are connected to, and hence havé little effect in 
the filter except to cause a slight shift in the resonant frequency of 
the resonators. Thus, te a good appreximation, we may represent the 
circuit in Fig., 17.02-1 by the circuit in Fig. 17.02-3 if the K-inverters 
are of the form in Fig. 17.02-2 and if the bandwidth is reasonably narrow 


(say, of the order of a few percent or less). Then by Fig. 17.02-2, 


Ve eee Saas (17.02-10) 


Xn-in Rants 


Xor 
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FIG. 17.02-3 4 FILTER CIRCUIT WITH SHUNT-INDUCTIVE COUPLINGS 


where (X. ye is the reactance of the j,j +t 1 coupling inductance at 


jogtt 
. if e > . 
the mean tuning frequency Cae Inserting Eq. (17.092-109) into 


Fqs. (17.02-1) to (17.02-3) gives 


mites 
: (Q.), = cad epee CY RI0F41 
(X, ve fo 


tw 
rnd 
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| el AG 1 bails . ee 
(Qa 8 Ca (17. 02- $2) 


pope call VRAGAX AECL TS | (17. 02-13) 
Jitlte wn. baie By 
‘Comparing Eqs. (17.02-11) and (17.02-12) with Eqs. (17.02-7) and (17.02-8) 
‘we see that, to maintain constant response shape and bandwidth, the reso- 
nator slope parameters &%, and c. must vary as . 
: . 2 : See: 

fpents 


tee 5 (a4), WA 


i 1 


eee ety a (17, 02-14) 
; : 0’a 


where (x,). and (x) are the slope parameter values at the mean tuning 
frequency CFy),: Now, comparing Eqs. (17.02-9) and (17.02-13), we see 


that to maintain constant response shape and. bandwidth 


(17.02-15) 


ae | Sy |? 
. mace) ANC? 


j=l ton 


where the (x,), are again the slope parameter values at (fo). Note that 
Eqs. (17.02-14) and (!7.02-15) appear to be contradictory since 

Eq. (17.02-14) says that x, and a, must vary as PEs while Eq. (17.02-15) 
says they must vary as Chay These two requirements are net, however, 
irreconcilable, since Eq. (17.02-14) refers to the slope parameters of 
Resonators 1 and a as seen from the coupling reactances 4), and x, ee 
while Eq. (17.02 15) relates to the slope parameters of Resonators 1 and n 
as seen from the between-resonator reactances Xi, and at hes Thus, as 
will be evident from the discussions in Sec. 17.03 and 17.04, it may be 
possible to approximately satisfy both Eqs. (17.02-14) and (17.02-15) at 
the same time by making the ‘Pan and Ly AS coupling reactances at the ends 


of the filter couple into Resonators 1 and a at points on the resonater 
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at aL 


structures different From those of couplings X,, and Ate eu grne Unis 
aw~i,n 


manner the slope parameters seen by the end couplings will be different 


from those seen by the couplings between resonators. 


Perhaps the most familiar type of series resonator is that consisting 


of an inductance and capacitance in series, which gives 


ae (17.02-16) 


yaaa: (1702-434: : 


ois Pg be ClO 270) 


If the resonators are tuned by varying the C while the LY remains fixed, 


then 


(17.02-18) 


which does not have the frequency variation of cither Eq. (17.02-14) or 
Bqueeel 7 0221S) Fonte is easily shown that if oF is held fixed and the 


filter is tuned by varying, the Li then 


(17.02-19) 


R 

iT 
_— 

R 
— 


which deviates even more froin the desired type of frequency variation. 


From the above discussion we see that a simple series L-C resonator 
cannot give the desired Cray or Cle)” Variation of the resonator slope 
parameters unless the resonators are tuned by varying both the oe and 
the ae at the same time. However, Fig. 17.02-4 shows a resonator eircurt 
that could approximate the desired frequency variations while being vuned 
by varying only a series capacitance. In this case a parallel resonant 
circuit has been added, which adds a pole of reactance at frequency @g. 
Thus, as the resonator is tuned to higher frequencies, the resonator siope 
parameter increases more rapidly than it would if the pole of reactance 


were not there. 
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FIG. 17.02-4 A TUNABLE RESONATOR 
AND ITS REACTANCE 
CHARACTERISTIC 


Although the form of the resonator circuit in Fig. 17.02-4 is not 
of much interest for microwave filters, the discussion illustrates the 
types of considerations and possible solutious involved in the design 
of tunable filters with constant response shape and bandwidth. ‘The dis- 
cussion above has been in terms of filters with series resonators and 4 
shunt inductiv2 couplings; however, by use of the data in Figs. 8.02-3,. 
8.02-4, 8.03-1, 8.03-2 and 8.03-3, the same type of reasoning can be i 
applied for the derivation of the required parameter properties for 
numerous other types of filters. Of course, Eqs. (17.02-7) to (17.02-9) 
apply to ali filters as long as constant response shape and bandwidth 


are required, 


Another factor to be considered in the design of. tunable filters is 
the choice of low-pass prototype filters to be used. Since the filters — 
used are usually of narrow bandwidth, the equal-element low-pass preto- 
types discussed in Sec. J1.07 are often a desirable choice. As is dis- 
cussed in Sec. 11.07, filters designed from equal-element prototypes can 


give very nearly the absolute minimum widband dissipation loss for given 
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resonator unloaded Q's, and for a given amount of attenuation required 


at some frequency a specified frequency interval from the mtd-pass-band 


frequency. 


For many narrow. band inductively coupled filters such as that in 


Fig. 17.02-3, a useful low-pass to band-pass mapping (Sec. 8.04) to use 1s 


ws ») 2 Wy 
“Sat poe erst (17.02-20) 
wy w Ww 
where 
5 Ws a ar oA 
Wises eens ; CHIR O22) 
Rec 
20 ,w, 
w = : Ts DY 
0 wo, nn (1702-22) 


w! and w are the frequency variables of the low-pass prototype and band- 
pass filters, respectively, and w, and w, are the band-pass filter band- 


edge frequencies corresponding to wy for the low-pass prototype. 


SEC. 17.03, MECHANICALLY TUNASLE COAXTAL BAND- PASS FILTERS 


Figure 17.03-1 shows a form of coaxial, mechanically tunable filter, 
which has been used a good deal! The resonators operate in the TEM mode 
and are a quarter-wavelength long at resonance. One end of each reso- 
nator is open-circuited while the other is short-circuited, and tuning 1s 
accomplished by sliding the round center conductor back and forth through 
the short-circuiting region at the lower end of each resonator. The co- 
axial input and output lines are coupled to the first and last resonators, 
respectively, by magnetic coupling loops, while the resonators are coupled 
to their neighbors by inductive irises, The cross-sectional shape of the 
resonators is approximately coaxial, however, the region between reso- 


nators is flatténed so that the coupling irises will not be so thick. 


The filter in Fig. 17.03-1 is of the inductively coupled type shovn 
in generalized form in Fig. 17.02-3 and analyzed in Sec. 17.02. As was 
discussed in connection with Eqs. (17.02-14) and (17.02-15), a somewhat 


different frequency variation of the resonator slope parameters 158 usually 
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FIG. 17.03-1 A FOUR-RESONATOR MECHANICALLY TUNABLE TEM-MODE FILTER 


desired in determining (Q,), and (Q.), as compared with the frequency 
variation of the resonator slope parameters desired for determining the 
coupling coefficients kee In the filter structure in Fig. 17.03-1 
the desired difference is achieved in an approximate fashion by locating 
the input -and output coupling loops an electrical distance 4, from the 
short-circuited ends of the resonators which is different from the 
electrical distance @ which the inductive coupling irises are located 


from the short-circuited ends of the iesonators. 


Figure 17,03-2(a) shows an eauivalent cirenit used for calculating 


(Q das In the figure 


Ak Gime E Ups eot (wes +) (17. 03-1) 


where Z, is the characteristic impedance of the resonator line. The 


resonator reactance slope parameter is then 


: “o dX an: ; 
bd rc tel ha : rg sec” 6, (17.03-2) 


: ZK 
(05), = “ Sasser (17.03-3) 
(XGi9 cos? ela be 
Ce feo 


where the subscript m indicates a quantity evaluated at the mid-tuning-range 


frequency (f,).. Of course, an analogous equation appiies for (Q_),. 
q ¥ 0’s 5 t vi eB 


(b) 
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FIG. 17.03-2 RESONATOR EQUIVALENT CIRCUITS USED IN 
COMPUTING (Q.), AND k, 4, 
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Figure 17. 03-2(b). shows the resonator equivalent circuit used in 
computing the coupling coefficients between resonators. Using 


Eq. (17. 02-13), analogously to the derivation above we obtain 


a(x ak fo cos” (C2) fe/(fada! : 
an eh ap oan AZUL ple Pe ; (17. 03-4) 


Now as indicated by Eqs. (17.02-7) to (17. 02-9), for constant response 


shape and bandwidth we desire that 


(O.), * [eo] Go ; (17.03-5) 


it 


ae [Yeas Gy, cory sue, (VT Osea 


and 


ay 
bist (ge Foo (17.03-7) 


If we equate Eqs. (17.03-5) and CL IROs7 3d) tok bene = 0.7 and for 
fy inde 1.3, and solve for (0,),,we find that COR) 0.9675 radian. If 
we equate Eqs. (17. 03-4): and (17.03-7) at the same frequencies and solve 


for (@) we then find that (0), = 0.8534 radian. 


From Eqs. (17.03-5) and (17.03-7) we see that both (Q .), and WES se 
should ideally be directly proportional to the frequency, if constant 
response shape and bandwidth are desired, Figure 17.03-3 presents 
normalized curves for these quantities vs. fo/(fg), for the values of (¢,), and 
(@) given above. We see ‘that the external Q curve deviates most from the 
desired linear variation, which means that the response shape will change — 
somewhat as the filter 18 tuned. The quantity N/K oa follows the desired 
linear variation more closely, but it also deviates some from the desired 
line. Since the coupling cucfficients between resonators have the domi- 
nant effect on bandwidth, the deviation in the N/R enh us from the 
desired line will cavsegsemnt variation of the bandwidth. Although the 
deviations from ideal performance indicated in Fig. 17,03-3 are sizeable, 


they are probably acceptable for most applications. Also, the curves in 
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FIG. 17.03-3 NORMALIZED CURVES INDICATING THE FREQUENCY 
VARIATION OF NORMALIZED (Q.) 4, (Q.),g, AND 
. Vs oy FOR A FILTER OF THE FORM SHOWN IN 
FIG. 17.03-1 


Fig. 17.03-3. apply to a design with a tuning range of over an octave. 
The deviations from ideal performance can, of course, be kept much 


smaller if smaller tuning ranges are sufficient, 


Summary of Desrgn Procedure--Let us now summarize how filters of the 


sort in Fig. 17.03-1 can be designed. 


The design process is carried out at the mid tuning-cange frequency 
OF Ee tn order to obtain nearly opt imain resonator Q's, the resonators 
should havea line impedance of approximately Z = 76 ohms (sce Fre: 5. 03-2) 
Use the values of (04), and (@) 2 an Pig, 17.03-3, or it tighter control on 


the response is required and the required tuning range is smaller than an 
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octave, solve for values 1 (O, ee and (8) as described above, in order 


to give a closer spproxiaetee over a smaller tuning range. 


The coupling reactances can be. pee Fi by combining Eqs. (17,0323) 
and (17.03-4) with Bae (1%. 02-1) to ake 02- 3) to obtain: 


(x, 


bis (17.03-8) - 
ia : TZ yw, ; Sees 
cA ye = oe gigi at ie (17. 03-9) 
NS Cet a (¢,) ont dep at Raat 
oe ] nZyw KR, 4 ° 
oe) (17.03-10) 


cos (@,)% 4B Bn 11 


where wis the fractional bandwidth Sf/(f,), to the pass-band edge points 


corresponding to w, for the low-pass prototype. 


As a rough guide in the design of the loop couplings at each end of 
the filter, the following reasoning can be used. PLL Feis) the current in 
Resonator 1] or n at an electrical distance (8,). from the short-circuit 
end of the resonator, then the magnetic field at a radial distance r from — 
the center axis of the-coaxial resonator is f! = I/(2ur}. This field will 
excite a voltage of jApyull = JAp gol / 2280 ina loop of area A located at a. 
mean radius r from the axis of the coaxial line. Thus, the mutual 


reactance of such a loop in a coaxial line is 


: Apu ge 
xX = (17.03-11) 
Inr ‘ ; 


where, if r is in inches and A is in square inches, Hy * (0.0254) 41077 
henries/inch. This formula can serve as a guide for the rnitial design> 

of the coupling loop but in practice experimental adjustments as described 
in Sec.,11.02 will probably be desirable. Reference 1 points out that in 
order to reduce the self reactance of the coupling loops (excess reactance 
can cause the tuning of the end resonators to track differently than that 


of the interior resonators), it is desirable for the coupling loop to be 


faired -into the side wall as much as possible, as 1s suggested in 


1010 


Fig. 17.03-1; under such conditions Eque CLivOsetT } may be a poor 


approximation, 


Using Bethe’s small-aperture theory the apertures between the 


resonators should have magnetic polarizabilities of approximately 


iin? 


da? (X b 
M aan (17.03-12) 


ct 60 


where a is the nominal radius of the inside of the outer conductor of 
the resonators and A. is the wavelength at the mean tuning frequency 
Ofer es The sizes of the apertures can then be determined from the My 


polarizability data in Fig. 5.10-4(a), (the M, rather than the M, data 


is used since the lengths of the coupling irises are to be in the.cir- 


cumferential direction). Approximate corrections for the size and 


thickness t of the apertures can be made by obtaining trial aperture 


lengths 4 ,, using Eq. (17.03-12) and Fig. 5.10-4(a), and then computing 


compensated polarizabilities 


(Mf. = 


Beenie (17.03-13) 


from which improved aperture lengths are obtained using Fig. 5.10-4la). 
For greatest accuracy the experimental procedures described in Sec. 11.02 


to 11.04 should be used to check the aperture sizes. 


One possible source of trouble in the practical operation of filters 


of the type under discussion lies in the fact that the resonator rods 


must slide freely while stil] maintaining a good short-circuit at one end. 
Sliding contact fingers can be used to help ensure a good short-circuit 
connection, but the non-contacting short circuit connections in 

Fig. 17.03-4 are found to be preferable.' The design in Fig. 17.02 -4{a) 
uses a very low impedance section, which is a quarter-wavelength long a 
frequency (fg),. In this design the resonator rod is supported by a di- 
electric bearing surface at the left. The low-impedance line section is 
effectively open-circuited at its left end and, as a result, tends te 
reflect a very large susceptance at its right end. The design in 


Fig. 17.03-4(b) is similar, but it uses an additional high-impedance line 
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FIG. V7. 03- 4 TWO POSSIBLE DESIGNS FOR THE SHOKT-CIRCUIT AND BEARING PORTION 
OF MECHANICALLY TUNABLE COAXIAL RESONATORS 
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section to reflect a very high impedance to ‘the open-circuited end of a 
the low-impedance line section. In this type of design the resonator a 
rod can be supported by a metal bearing. Although this type of choke a 


joint design is frequency sensitive to some extent, it can be made to 


work very well over as much as a five-to-one tuning range. * 


SEC. 17.04, WAVEGUIDE MECHANICALLY TUNABLE BAND- PASS FILTERS — 


Figure 17.04-1 shows a wav. guide mechanically tunable filter which 
“is in many respects analogous to the coaxial type of filter discussed in 
Sec. 17.03. This filter consists: of rectangular cavity resonators that | 
are tuned by moving one of the side walls. The resonators are coupled 
by apertures which are located so as to come as close as poszible to 
giving the desired frequency yariations of the external Q’s andthe 
coupling coefficients. As in the filter of Sec. 17.03, the coupling 
apertures between resonators are positioned differently from the apertures 


coupling to the input and output guides. 


The analysis of the filter in Fig. 17,04-1 proceeds similarly to that 


discussed in Sec. .17.03. In this case the resonator slope parameters are 
given by 
Lig ra ie a 
8 eae . (17.04-1) 


(See Sec. 8,14 


for a discussion of the differences between waveguide filter design on 


when the analysis is carried out on a frequency basis. 
a frequency basis vs. design on a reciprocal-guide-wavelength basis. ) 
In Eq. (17.04-1) Z, is the guide impedance and rs and A are the guide 
and free-space wavelengths at resonance. The coupling reactances and 

the effects of different guide dimensions for the terminating guides as 
compared to the dimensions of the cavity resonators can all be obtained 


from Fig. 5.10-6. Thus, using Eqs. (17.04-1) and (17202210), to: (17,02-13), 
along with the data in Fig. 5.10-6 gives 


aba,b.A_.u3 
9 A’ A gA 
ORS rr eee (17.04-2) 
eA 11%, 
AriNA M2 sin? — 
a 
TK 
M Bt sin? — 
ojtt ‘a 
Rye = CN 9 Gee Shy 
abu 
yp=l to nm) 
66 ’ aba,b,A,,u? aoe 
aid TX, : 
AMP sin? ae 


RESONATOR DIMENSIONS — a WIDE, u LONG, bd HIGH 
-TERIAINATING GUIDES — 0, WIDE, ba HIGH 


s 


ioe > ome ate oR Sc 


8 y 
PO 


\ Ag 
and 
\ 

i 

Ce 

if 

i 


acento sme 


a wa 


a 27 64 


FIG. 17.04-1 A FOUR-RESONATOR MECHANICALLY ‘iINABLE WAVEGUIDE FILTER 
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where the M, jer are the horizontally directed magnetic polarizabilities 


of the Paipling apertures, AS is the free- Sais wave length at the Feaey 


“Frequency Fo : 
; 
(17.04-5) 


is the wavelength in the terminating guides, a,, 6,, a, b, u, x4, and x 


are dimensions defined in Fig. 17.04-1, and where 


oO ; (17. 04-6) 


is required in order to give resonance at the tuning frequency fa 


corresponding to the free- spare wavelength ‘e 


As fox thetli bier ain Sel 17.03, for SohisthWh Cee REN shape and 
bandwidth we desire the external QY’s and coupling coefficients to vary ; 
with Frequency as in Eqs. (17.03-5) to (17.03-7). Forcing Eqs. (17/03-5)) 
to (17.03-7) to agree with Eqs. (17.04-2) to (17.04-4) at two frequencies 
(fg), and (f9), leads tu cquations of the ‘form . 


Gy . 
fo= (hq); (J o) i 
Sarre Sree (17.04-7) 
ve (f ») 2 
'fo7Ulg)2 


for the external Q's, and of the form 


A 


aa ; (17.04-8) 


for the coupling. coefficients. These can‘be solved to obtain x, and x 
just as O, and 0 were solved for in the case of the filter in Sec. 170am 
Wowever, in the present case there ure other degrees of freedom availab 


which result from the fact that there is a choice in the propertions of 
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Oy Oe ch Late 


the cavities and of the terminating guides. Table 17.04-1 


If, however, we specify (f9))/(fo),. (fo)e/ PARAMETERS WHECH CAUSE 
(f5),> a,, u and the wavelength A, at the EQS. (17.04-2) TO (17. 04-4) 

: : 7 TO SATISFY EQS. (17.04-7) AND 
mean tuning frequency (f9),, then the required 


(17.04-8) FOR (f9),)/(fg), 7 
0:90; (fg)o/(fo), 2 2-1, AND 


a, = 0.76 Xr, 
Table 17.04-1 shows normalized values ‘ 


x, and x values can be computed. 


for x, and x which will cause Eqs. (17.04-7) 
and (17.04-8) to be satisfied for (f9),/ 
Chedecr 020 endeGs yh o/ Cf, os Paros esthe 


choice of cavity length u is controlled by 


the A |/u parameter at the feft. At the right 


is shown the corresponding ratio a/u fer the filter 


when tuned to the 


mean tuning range frequency (f,),- 


Figuse 17.04-2 shows piots of normalized external Q vs. fg/(f,), for 


the various cases listed in Table 17.04-1. Notice that the curves approach 


the desired linear’ variation most closely when A_/u is made small. 
y 5 


20 


CURVES ARE FOR 
0,°0.76 Ky, 


{Gg}, 0 
< 
~~ DESIRED ~.— 
10 
° 3 80 090 10 2 
toto) m 
B- 3527-64 
FIG. 17.04-2 CURVES OF NORMALIZED EXTERNAL Q vs. to (fo) in 


FOR PARAMETER VALUES iN TABLE 17.04-3 
LOES 
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to/ tio) m 


B- 3927-615 


FIG. 17,04- 3 CURVES OF NORMALIZED RECIPROCAL COUPLING 
COEFFICIENT vs. f9/(fo),, FOR RESONATOR 
PARAMETER VALUES IN'TABLE 17.041 


Figure 17.04-23 shows a corresponding plot of normalized reciprocal coupling : 
coefficient vs. f,/(f,),- Mere again the desired lineac variation is ap- 
proximated most closely if A,/u is small. However, Fig. 17.04-4 shows a 
plot of the corresponding values of a/u Ds frei el< where it should be 
recalled that u.is constant while the cavity width a is varied to achieve 
the desired. tuning frequency. Note that the smal! values of A ./4, which 
gave the most desirable results in Figs. 1704-2 and 17.04-3, conres pean 
to tuning characteristics that have very large i ale in resonant fre- : Pe 
quency fy for very small changes in cavity width a. Thus, as has been 
discussed by Sleven, in designing a tunable filter of this type one should 
not insist on any yreater uniformity of bandwidth and response shape than 
is really necessary, since this uniformity ts bought at the. price of 


criticalness in the Sa adjustment of the resonators. 


Summary of Design Procedure—The first. step in the design of a leer 
of the type in Fig. 17.84-1 is to select a value for A./u using Figs. 17. 04- 2 
to 17.04-4 while keeping the above points im wind. Some idea of the ) 


1616 


eh 


soe 


Variations in bandwidth that will result from the deviations of the reso- 
nator coupling coefficients can be gained from the fact that the k, jth 
are directly proportional to the fractional bandwidth of the bales: The 
choice of the external Q’s of a multi-resonator filter affects the shape 
of the pass band of a filter much more than it affects the bandwidth. 

With a two-resonator filter, steadily Increasing the size of the external 
Q’s tends to result in a Tehebyscheff response with an increasingly large 
hump in the middle. “Steadily decreasing the external Q’s of such a filter 
decreases and finally eliminates the hump in the middle of the response 
and eventually leads to an “ undercoupled’” response (called undercoupled 
because the coupling between resonators is quite foose as compared to the 
coupling between the terminations and the resonators). Analogous effects 
occur in filters with more resonators. The above poinis should be of some 
help in assessing the effects of deviations from the ideal external Q and 
coupling characteristics ps. freyuency, Move exact pictures of these 
effects can be obtained by working back from the external Q and coupling 
coefficient values at various frequencies by solving for the corresponding 


sets of low-pass prototype element values ae Ban +++, Bye], USINg ' 


o/u 
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FIG. 17,04-4 a uvs. fy (fy), FOR RESONATOR PARAMETER VALUES 
IN TABLE 17.04.1 


1017 


dimensions of the apertures can be ‘obtained from the data in Sec. 5.10. 


telveve d. 


Eqs. (17.02-1) to (17.02-3) and then comparing these values with the 
various tabulated designs in See. 4.05, or by actually computing Be a 


responses aps ig eal t,o to these sets of element values. 


Having yhived at a suitable compromise choice for A ,/u, then x,/u- 
and x/u are obtained from Table 17.04-1 or. by calculation as described 
above. ilaving specified a mean Cuning frequency Figure the correspondi 77 
free-space wavelength A, can be computed along with u, x,, und x... The ‘ 
desired external Q's sii eno pliting coelimerents are computed from the. low: 
pass prototype parameters by use of Eys. “UT, 02-7) to (17.02-9). Then 4 
using Eqs. (17,04-2) to (17.04-6) with A = iar the magnetic -polarizabili 


Moye My o> Ory 4 Me atl are ‘obtained. 


After the designer has- obtained the required polarizabilities, the — 


If rectangular or elongated apertures are used, their length should be in. 
a direction parallel to the a dimension of the cavities in Fig. 17.04-1. 


Corrections for aperture length £ and thickness t can be made as dis- 


j,j*l 
cussed at the end of Sec. 17.03 by use of Eq. (17.03-13). If round aper- 
tures are used, the same procedure applies, except that the polarizability 


is given by the approximate formula 


M pat = eee 1 Oa 


tis it is the diameter of the aperture) and Eq. (17.03-13) “—— 


. 2 1.6 +1 
| 3 he Tae (: a) 4 (ay (uaa 
CM jitesere 7 eal aseullc ap aamewmemmmay MONE: 
: > ; a 


7.0 


{f high accuracy in the design is desired, the aperture sizes can be. 
checked using the eet Cannes procedures deseribed in Secs. 11.02 to 


11.04. 
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SEC 17.05; PROPERTIES OF FERRIMAGNETIC RESONATORS * 
‘There are a number of single-crystal materials that have possible 
use as ferrimagnetic resonators in iraynetically tunable microwave filters. 


Some materials of: interest at the time of this writing are 


q) Yttrium-iron-garnet (YIG) 
(2) Gallium-substituted yttrium-iron-garnet (GaYIG) 
(3) Lithium ferrite 


(4) Barium ferrite. 


The YIG material listed above has proved the most useful to date and has 
been successfully used in constructing a variety of magnetically tunable 


microwave filters such as those deseribed by Carter .>45 


In this book the detailed theory of ferrimagnetic resonance will not 


7,8,29 tlowever, 


be treated. Such theory can be found in various references. 
‘an this section a qualitative description of ferrimagnetic resonance will 
_be presented along with some basic formulas and concepts useful in the 


design of magnetically tunable filters. 


Description of the Resonance Phenomenon—l.et us suppose that a de 
H-field of strength Hy is applied to a single-crystal YIG sphere in a 
horizontal direction, and then the direction of the ily field is rapidity 
switehed to the vertical direction as shown in Fig. °17.05-l(a). The YIG 
material contains unpaired electrons which yield magnetic moments as a 
result of their spins. When the de //-field is rapidly switched to the 
vertical position, these spin magnetic moments will precess about the 


vertical H-field I, at a rate of roughly (if Mg is in oersteds) 
AF a sa geet ily Mc (17.05-1) 


As time elapses the trajectory of the electron-spin magnetic moments will 
spiral in toward the direction of the Hy field until the spins will ulti- 
mately end up parallel to the Hl, field. Ff the fields around the sphere | 
are sampled while this process is going on, a circularly polarized RF ficid 


will be observed about the sphere like that which would be created if the 


To this writer’s knowledge the first microwave filter structure using @ ferrimagnetre resonato 
wos due te R. W. DeGrasse (ace Nef. 20). Wis device was primarily a fixed-frequency narrow- 
band limiter. 
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His sal “sphere contained a magnetic dipole s 
eae rotating ut the resonance rate given 
YIG SPKERE approximately by Kq. (17.05-1). This 
‘rotating dipole moment is pictured 
“by Fig. 17.05-1(a), The cirealarlys 


ae polarized magnetic field seen to be 


tt ; vias emanating from the sphere would die 

(a) out ‘exponentially with time in the a 
sameway that transient voltages and 

currents die out in a resonant. cine’ a 


cuit having dissipation loss. 


Let us now consider another exun 
periment. If the flj-field is on and 
a circularly polarized RF H-field is: 


applied as indicated by the rotating 
iainbec ss n* Veco in Fig. 17°08!) (hyn 

. RF field will have no effect on the . 

sphere unless the frequency is at or 

1 very near the ferrimagnetic resonance — 

frequency, which was given approxi- 

mately by Eq. (17.05-1). When the : 


| circularly polarized applied fieldis at ~ 
ren or very near the ferrimagnetic reso-  — 
a 3827 Ir nance frequency, circularly polarized < 


FIG. 17.05-1 A YIG SPHERE WITH A RE H- fields will build up about the 


CISCULARLY POLARIZED sphere in much the same way as the 

RF MAGNETIC MOMENT IS H-field will build up in the induct- 
SHOWN AT (a). EXTERIOR 
CIRCULARLY POLARIZED 
RF MAGNETIC FIELDS ARE at its resonant frequency.” 
SHOWN AT (b) AND (c) 


ance of an L-C tuned circuit excited 


- Tf a circularly polarized field 
with the circular polarization in the 
opposite directsont iis indicated by the rotating vector in Pig. 17.05-¥e), 
is applied, the sphere will not respond even if the signal is at the ferri-. 
magnetic resonance frequency. ‘Thus it is seen that the resonance phenomen 


is nonreciprocal. 


If a linearly polurized RF /l-field is applied to the sphere in a 
direction perpendicular to the biasing field Hj, it will be found that the 
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sphere will respond by emanating a circularly polarized WF li-field, pro- 
vided that the linearly polarized field is at or very near the ferri- 
magnetic cesonance frequency. ‘The reason for this is that any linearly 
polarized field may be regarded as being the sum of two circularly 

polarized fields of equal strength rotating in opposite directions. ‘Thus 
one of the circularly polarized components of the linear field will excite 
the sphere. Because of this, depending on the manner in which ferrimagnetic 
resonators are used, the transmission characteristics of the filter may be 


either reciprocal or nonreciprocal. 


Parameters of Ferrimagnetic Resonutor Matertals—-Several parameters 
characterize the various types of materials that tan be used to construct 


ferrimagnetic resonators: 


(1) Saturation magnetization, M, 
(2) Line width All, or unloaded Q, Q, 
(3) Anisotropy field constant, K,/M, 


(4) Curie temperature, T,. 


The saturation magnetization M, is a function of the number of elec- 
tron spins in the material per anit Wo line sie ar ems Cheelles Ace easier 
it is to couple from an exterior strip-line or waveguide circuit to 4 


ferrimagnetic resonator. 


The line width Allis defined in various vay but it is basically the 
width of the resonance in oersteds as the signal frequency is held constant 
and the applied de field is varied. For filter applications the line width 

All is usualty defined as the difference between the two values of biasing 
field (at each side of resonance) for which the imaginary part of the on- 
trinsic susceptibility of the waterial equals the real part, while fre- 
quency is held constant. Looking at the same cesonance phenomenon from 


the viewpoint of holding the biasing freld constant and varying the fre- 


quency, We measure the unloaded Q of the resonator With Wi defined as 
‘ above, for a spherical resonator 
p -~6 
fotta™) 
J Wit. Go-2) 
2.8 Ni 


where f, is the resonant frequency in cycles per second and AH is the Line 


width in oersteds. The unloaded Q of YIG witil increase with frequency (up 


1021 


1 


to around 5 or 10 Ge, but the curve of Q, vs. freyuency then levels oui.? 


However, yseful Q's appear to he possible up to at least 60 Ge. 


The Tine width (or unloaded Q) that will be measured for a ferri- 
Magnetic resonator will depend upon both the material itself and the shape 
and surface finish of the material. tn order for the line width to be 
narrow (and for the unloaded QJ to be high) the internal field within the 
material must. be uniform. Assuming that the applied il,-field is uniform 


before ‘the material is inserted, in order for the resonator material to 


have a uniform fl-field within itself after being inserted within the bias-— 


ing field, the resonator must be spheroidal or ellipsoidal .”829 Further, in 
order to achieve the narrowest possible Line width (and highest possible 
unloaded 'Q), it is necessary that the surface of the resonator he very 
highly polished. Even when a ferrimagnetic resonator is spheroidal or 
ellipsoidal and is s highly polished, its line width may “still be degraded 
by the presence of metallic walls near the resonator. Some of this. 


degradation, however, is unavoidable in most filter structures. 


The first-order anisotropy field constant K,/M. is important because 
of the lattice structure of single-crystal material. The lattice structure 
nakes the material easier Lo magnetize along some crystal axes than along 
others. Because of this, the ferrimagnetic resonance frequency of a ferri- 
magnetic resonator will be influenced to some extent by the orientation of 
the crystal axes with respect to the biasing field ily As will be diseussed 
below, the first-order anisotropy field constant K /. is used in computing 
the resonant frequency for Various.orientatians of the crystal lattice with 
respect to the biasing field. There is also a second-order constant, but 


it is so small as to be unimportant for the applications herein. 


The Curie temperature T. is the temperature at which the saturation 
magnetization drops to zero. * Resonator operation at temperatures close 


to or above T, is not possible, 


Table 17.05-] presents values for the parameters discussed above for 


various materials. Note that the saturation magnetization is given in 
gaussian units and is listed as di gauss. This is the most comnoniy used 
unit: for saturation magnetization. “These values could be converted to aks 


units by use of the conversion 


CHM, in webers/meter?) = (AnM in gauss)1]074 (17.05-3a) 
tle . 


For ferrimagnetic materiols this temperature iy also known aa the Neel temperature. 
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ar. 


‘or 


" 


(M, in ampere-turns/meter) 


Also recall that — 


au 


(il, in ampere-turns/meter) 


“Note that in Table 17.05-1 the All = 


(which 1s 


Q of 6500 at 4 Ge. 


spherical 


filters the YIG resonators must be closer to metal walls, 


ing effects of the currents 
2000 or less. 


in the walls 


Table 17.05-1 


resonator some distance from any metallic walls. 


79.5(4nM, in gauss) . (17.05- 3b) 


79. SC in oersteds) .« (17.05-4) 


0.22 oersted line width listed 


for a very high-quality YIG resonator) corresponds to an unloaded 


This line width was measured in a waveguide with the 


In practical 
and the disturb- 


may reduce the unloaded Q to 


PROPERTIES OF SINGLE-CRYSTAL FERRIMAGNETIC MATERTALS 
FOR MAGNETICALLY TUNABLE FILTERS® 


| 47M (AT ROOM] K,/M, (aT ROOM] AH (AT ROOMY 


T 
MATERIAL TEMPERATURE ) ! TEMPERA TURE ) TEMPERATURE ) } the 
Se (oersteds) | loersteds) | (e) 

lyttrium-Iron-Garnet! 1750 | -43 0.22 (4Ge), | 292 | 
i (YIG) ‘ (ef. 33 
Gallium-Substituted! 69 - 1750 a Ye res 
lYttrium-Jron-Garnet 600 -55.8 ; => 150 
| (GaY1G) 950 + 50 Saye? 0.7- 2.0 (av} 206 
4.4 (x) 
lithium Ferrite 3550 ¢ 49 S 3845 Ge) “= | 
(ef. 12) 


“Planar” Ferrite 
7ny¥ (Ba, oZngkey 9999) | 


4950 16 (X-band), Se 
Get. 12) | (ef. 12) | 


These values of OH were measured 1A cavaties. The fine width may vary 
considerebly from sample to sanple and will be larger ehen measured in 


a closed-in filter structure. 


t These materials were supplicd by Microwave Chemical Laboratery, New York, N.Y. 


$ Private communicetson to p. S. Carter. Jr. 


, froe J. W. Nicisen, Asrtron 


Division of Litton Industries, Morris Plains, New Jersey. 


The value of AY may vary considerably 


a yiven type of material, 
is. Wowever, M,, k,/M,, and T, 
of material, 


will be discussed !ater, M. and Ay /M, do 
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depending on how perfect 
are physical constants for a given 


and shoald vary only slightly 


from sample to sample of 


the crystal struccure 
type 
from sample to sample As 


vary with Cemperature- 


ee oe 


Determination of the Resonant Frequency—-Three factors may cause the 


resonant frequency of a ferrimagnet ic resonator to EAS ‘coed the fre- 


quency indicated by Eq. (17.05-1): 


(1) The shape. of the resonator —— 


(2) Crystalline anisotropy 


(3) Interaction with currents in metallic walls close to 


the ferrimagnetic resonator. 


The shape of the resonator can affect the resonant frequency because 
theyshape affects the intensity of the demagnetizing field within the — 

_ resonator. "829 Assuming that the biasing field Hy is in the z direction, and 

x and y are rectangular coordinates perpendicular to Hy, then for any a 


ellipsoidal resonator the resonant frequency tneglacuine anisotropy effects 


‘is given by 


lus = cee oy, 


where Ni Ny» and N, are demagnetizing faetors 


tions, H, is in oexrsteds and 47M is in gauss. 


For a sphere 


NSS Ny = x, 
and By. (17,05-5) becomes 
al ae 2.8 H 


which is identical to Ey. (17.05-1). 


We may consider a long thin rod and a very thin disk as Limiting cases 


of ellipsoids. For an infinitely thin rod parallel to Mg, 


; and 


=z 
" 
2 
5 
wo [= 


For an infinitely thin disk in the plane of fl, and the y axis, 


N bee: i and N 


1624. 


~ N,) (40M) Uy - 


(v, - N,) (am) 


18 in the Xe Vee and z direc- 


' (17.05-6) 


ee oe 


hy aie (17.05-7) 


es (17.05-8) 


2 


ta 


eRe SOT MITT ES 


ENeere 


If the disk lies in the plane of the x and y axis, then 


ia 


eee ee Ns ON SOs aiaad Ne = PTs.) (17;05-10) 


‘Thus, it can be seen that the shape of the resonator can have considerable 
effect on the resonant frequency. flowever, of the possible ellipsoidal 
shapes that can be used, the sphere is generally the most practical since 


it is the easiest to prepare with precision. 


Materials such as YIG and GaYIG, which have cubic crystal structure, 
have three types of principal crystel axes: the [100], the [110], and the 
(111) axes.8 Even though there are only three kinds of principal axes, 
there are three [100] axes, siy [110] axes, and four [l]1]] axes'in each 
single-crystal. For a given applied biasing field Hy, the rescnaini tre- 
quency of a ferrimagnetic resonator will be influenced by the direction 
of these axes relative to the direction of the applied field. The opposite 
extremes of this effect occur when the [ili] or the [100] axis is parallel 


to the iy field, when the [110] axis is parattel to iy an intermediate 


effect results. For a sphere of cubic crystal material with a [111] axis 


parallel to the i, field, Ky. (17.05-7) becomes 


4 4, ; 
Rigaku sec Otel Oe ee Me, (17505-11) 
ac 3M, ; 
while if a [100] axis is parallel to Hy, 
Ay 
Cf) eras) (1, id . Mc (17205-12) 
where fy and K,/M, are in oersteds. For YIG or GaYIG, A, /M, is negative 


and Eq. (17.05-11) gives resonance for a lower field strength than does 
Eg. (17.05-12). As a result, for materials such as YIG and GaYIG which 


L , ; i 
have negative K,/M,, the ‘]11]}] axes are known as eusy axes while the 


{106} axes are known as hard axes. If W,/M, is positive, the roles of 
these axes are reversed. For YIG, the difference in resonant frequencies 
given by Eqs. (17.05-11) and (17.05-12) is about 401 Mc, which is, of 
course, a Significant difference. Figure 17.05-2 shows curves of the 


resonant frequency vs. biasing field strength for the {[100], [110], and 
[111] axes parallel to the biasing field. . 
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[111] axis parallel to Hy, and the field strength for resonance will 
cover the largest possible range as the resonator is rotated. 

Figure 17.05-3 presents measured data, due to Y. Sato and P. S. Carter, Jr.,° 
which show how the measured field strength for resonance at 3000 Me varies 


as a YIG sphere 1s rotated about an []10} axis that is perpendicular to Hy: 


As was mentioned above, the metallic boundary conditions seen by ferri- 
maynetic resonators can also alter their resonant fréjuwencies: | If EG Wate 
the resonators see the same boundary conditions, this effect should cause 


no trouble. However, if one or more of the resonators see different bound- 


ary conditions (such as generally occurs in a filter with three or more YIG 


resonators) then some means for compensating for the detuning effects of 
the metallic boundaries 1s desirable: A successful way of doing this has 
been found; spherical resonators are mounted am such a way that they can 
be rotated about [1)0] axes that are perpendicular to Hee as was done in 
making che measurements in Fig. 17.05-3. Using this technique, the reso- 
nators can be tuned by rotating their mounting shaits until angular posi- 


tions relative to each other are obtained that will vive synchronous tuning. 


Minimum Tuning Frequency—s a ferrimagnetic resonator is tuned to 
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smaller and smabler: When the applied field becomes so low as to be 


approximately equal to or less than the demagnetizing field, the reso- 
nator wil ‘cease to function. Since the demagnetizing field is deter- 
mined by M, and the demagnetizing factors (which are a function of the 
shape of the resonator), the minimum resonant frequency is determined by 
M, and the resonator shape. . Figure 17.05-4 shows plots of the minimum 
resonant frequency pas in gigacyeles vs. 4a, in gauss for various 
ellipsoidal shapes. Note that for YIG, which has da, = 1750 gauss, the 
minimum resonant frequency for a spherical sample is approximately 1630 Me. 
(In practice, the minimun frequency is found to be a little higher than 
this.) In theory, hy Us 23s flat, disk-like ellipsoidal shapes the minimum 
resonant frequency could be reduced greatly. Wowever, in practice, disk- 
shaped resonators do hot appear to work very well, possibly because of the 
difficulty in obtaining disk-like resonators that are sufficrently perfect 


ellipsoids. 


A wore practical way of obtaining lower minimum resonant frequencies 
6 1 


appears to be to use spheroidal resonators of single-crystal material 
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having a lower value of 47M,. At this time the gallium-substituted YIG 
materials appear to be the most promising in this respect. © For example, 
the GaYIG material with 47M, = 600 gauss listed in Table 17.05-1 should 
give a minimum resonant frequency of around 700 Mc for a spherical sample. 
The possible disadvantages of such materials are that the lower values of 
Ml, will make coupling from the external circuit to the spheres more dif- 
ficult, and the line widths of the material may not be as narrow as those 


obtainable with ordinary YIG. 7 


Temperature i fed? cmikenpenacare will affect the values of KL /M,, 
M,, and OH. Of these effects probably the changes on K,/M, are potentially 
the most troublesome. Figure 17.03-5 shows seme measured data due to 
Dillon! for ~K ,/M, vs. temperature in degrees Kelvin for YIG. Note that 
the anisotropy constant varies considerably with temperature. By 
By. (1705410); if the (111} axis is parallel to /, the change in reso- 
nant frequency Af, due to a change a 
A|K,/M,|-in the anisotropy field 


constant is 


FU ee : AK foe: a ss 
(Af Ju. = 3-73 a Mc (17.05-14)° 2 
: 5 a. 
us 
while if the [100] axis is par- 
allel to Hl i = fesse et ohad kes 
0 4 ie ees 2 
a 
3 
‘ . i = { 
Ao 2 ] _ ; . L 
Of) 5.6 (3 Me (17.05-15) 8 t 
Sa fore SA @ 
Pe Beg w a 
ube te AK, /M, | is in oersteds. 2 ese og ne EN | 
. trigde al 12 ODab gaat a chi : ( 
From Fig 7.05-5 or a change : Nea baleen ith & | 
in temperature from 100°F to « 
200°F (i.e., 311°K to 466°K), Pvt) fepeetee capi sn 1A ay one 
A|K, /M, | = 3] oersteds. ‘Then the i 
j me 
changes in resonant frequency 'o 00. 200 300 +400 500 5600 
given by Kus. (17.05-14) and eae Es ABs a-3827-652 


(17.05-15), are 115 and 173 Me, 
respectively. Thus, we see that UN Fe 
the shift in resonant frequency FIG. 17.05-5 MEASURED VARIATION OF 


~K ,/M, vs. TEMPERATURE 
FOR YIG 


SOURCE: Physical Review (seo Ref. La by je b. Diller. je.) 


can be quite significant if the 


change in temperature is large. 
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It.should be possible to eliminate the effect of temperature on the 
resonant frequency by orienting the crystal axes in certain directions. 
Note that ¥n Fig. 17.05-3 the resonant frequency in meyacycles is given 
by 2.8 Hy when the sphere is oriented at the plus or minus 27 degree 


points. With these orientations, the anisotropy effects are cancelled 


ae out, and the resonant freygaency should be independent of temperature. | 
: : 
- Figure 17.05-6 shows some measured data of AnM ‘vs. temperature, ~ 
which was obtained from work of Kooi, Stinson, Moss, Bradley, and 


Eas arts, 
Freiberg. ee 


Note that the saturation magnetization decreases as the temperature 


increases. As-will be seen from the discussion in Sec.: 17.07, the ex- 
ternal Q's of a filter will be proportional to 1/M,, while the coupling ; a 
; coefficients between resonators are proportional to M,. As a result, s 
eee the bandwidth of the filter will be proportional to M, while the response 
shape (t.e., its Tchebyscheff character, for example) should remain un- 


changed as M, is varied. Of course, it M, is decreased (and the bandwidth 
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SOURCE: Lockheed LMSD Semi-Annual Report No. S712 (see Ref. 15 by 
C. Kooi, D. Stinson, R. Moss, F. Bradley, and 1. Freiberg) 


FIG. 17.05-6 MEASURED VARIATION OF SATURATION MAGNETIZATION WITH 
TEMPERATURE FOR YIG 


1030 


hte 


is decreased), the pass-band dissipation loss will increase, as is always 
the case when a filter's bandwidth is narrowed; if the resonator unloaded 


Q’s are held constant. 


% indicates that for very pure, 


Data from Spencer, LeCraw, and Linares 
well-polished YIG, the line width should vary approximately proportionally 
to the absolute temperature, at least in the room temperature cange. Since 
the line width controls the unloaded Q of the resonators, this will have 
some influence on the dissipation loss of the filtér. Wowever, unless the 


temperature ranges covered are very large, this effect should not be of 


great importance in most practical situations. 


Higher-Order Magnetostatic Modes—In the desired “ free-precessional” 
resonant mode of ferrimagnetic resonators, all of the electron spins pre- 
cess with the same phase. However, if either the applied biasing H-field 


or the RF H-field is not uniform, higher-order modes can occur in which 


the phases of the precessions in parts of the sphere will be different 


from the phases in other parts. This causes the ferrimagnetic resonator 


to have more than one resonant frequency for a given value of biasirg 
H-field.” Because of the metallic material required near ferrimagnetic 
resonators in order to couple to them, there are almost always some dis- 
turbing effects which will tend to excite higher-order magnetostatic modes. 
However, if care is taken to keep the magnetic fields as uniform as pos- 
sible, it should in most cases be possible to keep spurious responses due 
to higher-order modes at a level of 30 or more db below the level of the 


main response. 


Besides designing the structure so as to heep the fields as uniform 


as possible, another important measure is to keep the ferrimagnetic reso- 


nator as small as possible. Fletcher and Solt! have found that if other 
factors are held equal, the coupling to higher-order magnetostatic moces 
depends on the ratio DP) /A where D, is the diameter of the sphere and A 
is the wavelength at the frequency in question. The smaller D)/A, the 
less coupling there will be to higher-order modes. ‘Thus, it is desirable 
to make fercimagnetic resonators as small as possible--consistent with 
considerations of obtaining adequate coupling from the external circuit 


to the desired resonance of the resonators. 


Power Limiting Effects—When the power passing through a ferrimagnetic 
resonator becomes sufficiently barge, the insertion loss of the resonator 
19 


will begin to increase greatly as a result of nonlinear effects Because 
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of this property of ferrimagnetic resonators, ferrimagnetic resonance 
filters also find application as limiters. Depending on. the circuit 

design, type of resonator material, and frequency range, the Limiting level. 
may be much less than a milliwatt or up to around 10 watts.20725354 A treat. 
ment of the theory of ferrimagnetic limiting is, however, beyond the scope 


of this discussion. 


i 


SEC. 17.06, DETERMENATION OF THE CHYSTAL AXES OF SPHERICAL 


PES Ae RESONATORS 


The crystal axes of ferrimagnetic resonators can be determined by 
X-ray techniques, but’ fortunately there are simpler and easier methods. 
When a spherical ferrimagnetic resonator is placed within a strong mag- 
netic field, it will autowatically try to align itself so that one of its 

easy” axes will be parallel to the applied field. se all of the reso- 
nators of a ferrimagnetic-resonator filter see the same boundary conditions 
(such: as is usually the case in vee resonet or ferrimagnetic filters) then. 
aligning the resonators on their easy axes by this method is usually suf- 
ficient After the easy axis of a resonator is determined by use of a 
strong magnetic field, ‘the resonator is cemented to a small dielectric 


mount in the- desired position. 


As was discussed in Sec. 17. 05, the easy axis is the {113} axis log 
yttrium-iron-garnet “(YIG) or gallidn-substituced yltrium-iron-garnet 
(GaYIG), both of which have hegalive anisotropy constants. In some cases, 
it may be desirable to rotate a resonator sphere about a [110] axisin 
order to obtain a tuning effect of maximum size, or in order to orient the 
resonator to a direction where anisotropy effects will be cancelled out, 
to make the tuning of the resonator independent of Lemperature. In order 


to locate a [110] axis, special procedures are required. 


A technique for determining crystal axes other than the easy axes 
has been described by M. Auer.** this procedure involves geometric con- 
struction to determine tie location of other axes after two easy axes have 
been determined. P. S. Carter, Jr. and Y. Sato %8 have extended Auer’s 
method by devising an aligning jig whieh accomplishes the desired results 


very quickly and simply. 


Briefly, the device of Carter and Seto works as follows. The magnet 
is placed oa a rotating mount as shown in Fig. .17.06-1] so that the field 


can be oriented in any desired direction with respect to the jig that holds 
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SOURCE: Quarteriy Prowress Report 5, Contract DA 360-030 SO-8 7398, SRE 


reprinted in IRE Trans. POMTT (see Ref. 28 by Y. Sate and - 
P.S. Carter, Jr.) 


FIG. 17.06-1 DEVICE FOR ORIENTING FERRIMAGNETIC CRYSTALS USING A 
ROTATABLE ELECTROMAGNET AND ALIGNING JIG 


\ 
the spherical crystal. ‘he crystal is first mounted so that it is free 
to turn until an easy axis (of which there are four in a cubic crystal 
with negative anisotropy) comes into coincidence with the direction of 
the magnetic field. After this first orientation is completed, the sphere 
is attached (using some easily soluble glue, wax, etc.) to a wire which is 


in line with the determined easy axis and which is placed in a radial hole 
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SOURGE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398, SRE 
reprinted in JRE Trans. PGMTT (sce Ref. 28 by Y.Sato and 
PLS. Carter, Jr.) 


FIG. 17.06-2 ALIGNING JIG SHOWING YIG SPHERE ATTACHED TO WIRE ALONG % 
ONE EASY AXIS AND QUARTZ ROD ALONG i110] AXIS 


in the side of the aligning jig as shown.in Fig. 17.06-2. ‘this wire is 
free to:turn in the radial hole under the ifluenee of the small torques 
exerted on the ferrimagnetic sample by an applied de field. ‘This step 
locates and retains one of the easy axes, and permits the sphere to 


rotate about this axis. 


The next ‘step. is to rotate the magnet by an amount that depends on 
the crystal axis which one is trying to locate. ‘To determine the (110) 
axis (the face diagonal) requires (as shown in Fig. 2 of Ref. 20) that 
we locate a second easy axis displaced from the first by 70% degrees. _ 


This second angle is accurately located by means of the milling head 
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‘protractor. The ferrimagnetic sphere rotates on the wire to which 1t was 
“attached in the vrevious step, so that the second easy axis is now placed 
along the dc field. ‘he final step is to attach the sphere to a dielectric 
rod along the {110] axis. A radial hole is located in the side of the 
‘alignment jig along the bisector of che angle between the two casy axes. 
The radial hole, and the dielectric rod that it holds in position, are 
shown in Fig. 17.06-2. The sample is attached to the dielectric rod (or 


other holder) with a drop of cement and the wire is taken off. 


SEC. 17.07, DESIGN OF MAGNETICALLY TUNABLE BAND-PASS FILTERS 
WET CVEM-MODE INPUTS AND OUTPUTS, AND A DISCUSSION 
OF GENERAL DESIGN. PRENCTPLES 
Figure 17,07-1 shows a possible form of single resonator magnetically 

‘tunable filter. ‘This filter uses two coupting loops, criented perpendicu- 
arly to each other to minimize the coupling between them. One loop is 
within the other, and a spherical ferrimagnetic resonator is so placed as 
es be at the center of both loops. (fn the picture shown, the loops would 
thave to be somewhat eyy-shaped, with the long dimension of the y loop in 
‘the x direction and the long dimension of the x foop in the z direction, 
in order that both loops will have equal coupling to the sphere and still 
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SOURCE: Fina! Report, Contract WA 30-089 SC-74k02, SR ceperinted 
in JRE Trans. PGMUT (see Ref. 3 by PLS. Carter, jr.) 


FIG. 17.07-1 A SINGLE-RESONATOR MAGNETICALLY TUNABLE FILTER 
USING LOOP COUPLING 


1035 


2 et 


not touch each other.) ‘The biasing Hy)-field is parallel to the plane of 
both’ leops. When a signal at the ferrimagnetic resonant frequency is ap- 
plied to the x loop, resonance will be excited in the sphere causing 
resultang RF magnetic dipole moments in both the x and y directions. The 
dipole moment in the y direction.vill create a magnetic field, which will 
couple to the y loop and result in transmission to the R, termination. . 
When the signal applied to the x loop is not at the favegnounetie reso- 


nance frequency, there will be no 


| Cepl tor a smali unavoidabie amount’ of 


stray coupling. 


have been built in the form shown in 


has certain disadvantages. One is that 
the stray coupling is larger than in 
some other possible structures, and the 
other is that the RF magnetic. fields 

te ; are not very uniform, which will tend 

A to excite higher-order magnetostatic 

8 . ‘ 
i‘ modes.  fsoth of these disadvantages can 


be combated by making the loops and the 


sphere as swiall as is practically 


A- 5527-654 a 2 
feasible. 


FIG. 17.07-2. A SINGLE-RESONATOR Figure 17.07-2 shows a strip-line 
STRIP-LINE MAGNETI- 


CALLY TUNABLE : 
FILTER filter structure. In this structure a 


staygle-resonator magnetically tunable 


dividing wall separates the two strip- 


them. Note that the lines are at right angles to each other, which will 
further tend to #educe any stray coupling. In this case the sphere is 


piaced tn a hole in the wall separating the two strip-lines, and at reso- 
nance the circularly polarized magnetic moment excited in the sphere will 


cause conpling from one strip-line to the other. This structure still 


shas a non-uniform REF field in the sphere as a result of being half on one 


side of the dividing wall and half on the other. For this reason, in 
order to minimize difficulties with higher-order modes, the sphere should 


he quite small (ive. :af the order ofa fiftieth torw-hundredth of a 
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) coupling between the x and y loops ‘ex-. . 


Successful single-resonator filters 


Fig. 17.07-1, but this type of structure 


lines and decreases the coupling between 


\ 


ae, ee 


' 
; 


‘ 3 9 : ne oor 
wavelength in diameter). Kotzebue* has constructed coaxial filters which 


_are very similar to the strip-line filter shown in Fig. 17.07-2. 


Figure 17.07-3 shows a type of two-resonator strip-line structure 
with which Carter has obtained very good results.’ In this structure, 
each sphere is mounted close to the short-circuited end of the input or 
output strip-line structure. ‘Thus, the large RE I-field in the vicinity 
of the short-circuits gives relatively good coupling between the strip 
lines and the spheres. Coupling between spheres 1s obtained by use of a 
long slot having its long dimension parallel to the axis of the strip 
finesse Tats) orientation of tices lot causes minimum disturbanee*of the 
currents and fields about the strip lines, while furnishing maximum iso- 
lation between the strip lines. Thus, the coupling between strip lines 
is extremely small when the spheres are not resonant. llowever, when the 


spheres become resonant, the circularly polarized BRE dipole moment in- 


SECTION B-B' 


| ~YIG RESONATORS 


SECTION A—A' 


A-3527-935 
FIG, 17.07-3 A TWO-RESONATOR MAGNETICALLY 


TUNABLE FILTER WITH COUPLING 
THROUGH TOP AND BOTTOM WALLS 
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the spheres provides a component of KF Il-field which will couple through: — 3 
the el atpe cet slot very easily, and good coupling is obtained between o 
spheres. This structure has the advantage of providing relatively uniform - 
RF #- fields SO that higher-order magnetostatic modes are not so sasily ex- 
cited, and inet off-resonance isolation is not difficult to obtain. Asi) 8 a 
compared with the structures in Fig. 17.07-4, which are about to be dis- 
cussed, the structure in Fig. 17. OT; 3 has the disadvantages of requiring 

a larger magnet_ air gap and of not being sjuaite as suitable for the design 


of filters with more than two resonators. 


Sa 


Figure 17.07-4 shows two side-wall bard e Rag thee configurations which 
are similar to that in Fig. 17.07-3 except that the spheres are coupled 
through the side wall of the structure instead of through the top and : 
botiom wall. One advarmtage of this structure is that tue input and output 
strip-lines can lie in the same plane, and as a result the mugatt air gap 
required can be minimized: Another advantage of this structure is that 
additional spheres can be added as shown in Fig. 17.07-4(b) to jive a 
filter with more than two resonators, while all of the resonators see very 


nearly the same boundary conditions. As can be seen from the discussion 
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(a) TWO—RESONATOR CONFIGURATION 


TUNING ROD 


SIOE VIEW 


{b) THREE RESONATOR CONFIGURATION 
: &- 3527-636 


FIG. 17.07-4 TWO- AND THREE-RESONATOR MAGNETICALLY TUNABLE FILTERS 
WITH COUPLING THROUGH THE SIDE WALLS 
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in Sec. 17.05, it is necessary for all spheres to see the same boundary 
conditions, and for all spheres to have the same orientation of their 
erystal axes with respect to Hy if the spheres are all to have the same 
resonant frequencies for any given H, and given temperature. Although 
the structure in Fig. 17.07-4(b) gives relatively uniform boundary con- 
ditions for all spheres, some means for tuning the spheres is desirable 
in order to correct the small tuning errors that may be present. In 
Fig. 17.07-4(b) provision for rotating the spheres about a [110] axis 
(as discussed in Sec. 17.05) is suggested. A disadvantage of the struc- 
ture in Fig. 17.07-4(a) as compared to that in Fig. 17.07-3 is that in 
the structure in Fig. DOT a0) it may be necessary to place the spheres 
bowsee the annem edces of Rhe strip Linds Gacsrder té ubtain adequate 
coupling between spheres. This puts the spheres in a region of less 


uniform RF Hf-field, which makes them more vulnerable to higher-order modes. 


All of the filters in Figs. 17./07-1 to 17.07-4 are reciprocal, except 
for a gyrator action*® which is present in the circuits in Fig. 17.07-1 and 
17.07-2.5° For purposes of analysis the circuits in Figs. 17.07-1 to 
17. 07-4 may be thought of as operating like the filter with magnetically 
coupled resonators shown in Fig. 17.07-5. When the coupted coils are re- 
piaced by their T-equivalents, the circuit in Fig. 17.07-5 becomes of the 
form in Fig. 17.02-3, except for a SAAT amount of residual sel f-inductance 
in series with the terminations R, and R,. Vortunately, the properties of 
ferrimagnetic resonators are such that they give nearly constant bandwidth 
as the filter is tuned, without resorting to special measures such as were 

required in the design of the filters in Secs. 17.03 and 17.04. There will 


be some change in response shape, however. 


As with most any kind of narrow-band, band-pass filter, the desired 
response shape and bandwidth can be obtained by starting with a low-pass 
prototype filter and a specified desired fractional bandwidth w, and then 
computing the external Q's and coupling coefficients required for the band - 
pass filter, by use of Eqs. (17.02-1) to €17.02-3).- The tabulated maximally 
flat or fchebyschelf low-pass prototypes in Sec. 4.9% can be used, but the 
equal-clement prototypes discussed in Sec. 11.07 shouid be of special in- 


terest for this appiication. Yhe rate of cuioff of the filter can be 


This cuuses 180 degrees more phase shift in one direction of transmission than in other direc- 
tions of transmission, This gyrautur action results from the fact that in the circuits im 
Figa. 17.01-i and 17.01-2 the input and output linen couple toa orthogonal components of the 
circularly polarized magnetic moment within the sphere. 


B- 3527-S76R 


FIG, 17.07-5. EQUIVALENT CIRCUIT OF A FILTER HAVING n 
FERRIMAGNETIC RESONATORS 


estimated by use of the mapping defined by Kys. (17.02-20) to (17.02-22). 
along with the charts in Sec. 4.03, or by use of the data in Sec.” }12 075 
The midband dissipation loss to be expected can be estimated by use of os 


the methods of Secs. 11.06 or 11.07. 


Once the filter design has been fixed in terms of determining: the 
required number of resonators, determining the reguired external Q's of 
the end resonalors, and determining the coupling coefficients of the 
couplings between resonators, the designer can focus his attention on the 
physical parameters of the circuit required to realize these coupling 
properties. Let us now consider the design of the structure ‘after the 
desired values for the external Q’s and coupling coefficients have been 


determined. 


“Design for Prescribed External Q's—Carter? has derived approximate 
expressions for the external ¥@ of ferrimagnetic resonators in various. 
coupling structures. For a loop of radius r meters having a sphere of |. 


volume Ae cubic meters at its center, the external Q is 


4r?R, Lola e ) a 
Tate ee (=) Saar (17.072 


HyV@, NAG 


where A, is the terminating resistance connected to the Loop, Lis the 
self-inductance of the loop in henries, fg = 1256 x 10°° henries/meter 
is the permeability of air, and 


1640 


~ ne 


w= YPM (17.07-2) 


where ‘y = 1.759 x 10'! (mks units) is the gyromegnetic ratio. The 
quantity foM, in webers/meter? can be obtained from AnM, in gauss by 


Bee of ba, 17, 0s~sa), “For VIG id, xs about 2,08 (10"?). 


A corresponding equation for a YIG sphere mounted near a short- 
circuiting wall in a strip-line structure of impedance Zj is given in 
Fig. 17.07-6 along with curves that apply when Z, = 50 ohms and when the 
resonator is made from YIG. Note that the curves give Q, for a given 
center conductor to ground-plane spacing d and sphere diameter D,, both 
given in inches. If these curves are to be used for a resonator of some 
material other than YIG, or with a uniform strip-line of some impedance 
other than 50 ohms, the values obtained from the chart should be scaled 


as indicated by the equation 


(Myre 50 


“\acaled i 2. (M ) (Zee 


s/used 


(17.07-3) 


‘where (Za )aned is the actual line impedance used and CHa! MO ced Ls 


the ratio of the saturation magnetization of YIG to that of the material 
actually used. ‘he eyuation in Fig. 17.07-6 (upon which the curves are 


based) was computed assuming that the strip-line was bounded on each side 


by a magnetic wall (which implies that there are no fringing fields), and 


that the fields about the strip-line are perfectly uniform. Of course, 
if the strip-line is so narrow that the sphere projects into fringing 


fields, this approximation will not be good. 


Figure 17.07-7 shows computed and experimental data obtained Dy 
Carter® in order to. check out the equation in Fig. Li 0¢-G. These data 
were taken at 3000 Nc using the structure shown. Note that the sphere 
for each test was mounted about 0.125 inch from the short-circuit. Jt 
was found that moving the sphere too close bo the shert-cireniting wall 
would disrupt the sphere’s performance, while putting the sphere too fac 


from the wall would introduce excess rca that would decouple the 


() 
cf 
$0 
re] 
oO 
e 


sphere. Note in Fig. 17.07-7 that the agreement between theory and 


measurement is reasonably good. 


Other experimental work due to Carter’ showed that the presence of 
p P 


an adjacent coupling slot such as that in the filter in Fig. 17.07-3 has 
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.a decoupling effect on the input circuit which tends to raise the. external 
Q about 20 percent or somewhat more from its value when the slot is not 
elvaree Therefore, some allowance should be made for this effect when de ; 


signing for the strip-line and sphere dimensions to realize a required . 


external Q. . 


He HE 


— Le ae 


0.6? 0.03 0.05 


8-3527-$87 


' FIG. 17.07-6 Q, vs. SPHERE DIAMETER FOR SPHERICAL YIG Pasa albe IN 
. SYMMETRICAL STRIP TRANSMISSION LINE 
In the equation shown ji is the permeability of the region seat the 
sphere, w, = YHoM., ¥ 2 1.759 < 10!1 in mks units, V,, is the | 
volumeiat +e! sphere, one Z4 is the impedance of the strip line 


(29 = 50 ohms for the graph). 
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SOURCE: Fiaail Hepori, Contract D4 36-039 SC-74862, SRE: reprinted 
in JRE Trans. PEMTE (see Ref. 3by PLS. Carter, Jr.) 


FIG. 17.07-7 THEORETICAL AND EXPERIMENTAL VALUES OF Q, OF YIG RESONATOR | 
USING STRIP-TRANSMISSION-LINE 


Nete in the equation in Fig. 17.07-6 that the external Q 1s inversely 
proportional to the line impedance Z). ‘This is because for a given sphere 
size and ground-plane-to-center-conductor spacing d, the narrower the strip- 
line, the more’ concentrated the RE d-field is assumed to be in the vicinity 
of the sphere. (The presence of fringing fields disrupts this picture when 
the strip becomes narrow, however.) ‘fhe eguation and curves in Fig. 17.07 -6 
assume that the strip line is uniform and that it is terminated in its 
characteristic impedance. llowever, if a short Length of line of impedance 
Zo is used in the vicinity of the sphere, and this line is terminated in a 


> 


much lower resistance fi i 


re it should be possible to obtain lower values of 


external Q than would be possible otherwise, ‘Thus, if Q, is the external 
Qwhen the line is terminated in a resistance R = Ogu, Coen che external Q 


when termination is changed to R, is approximately 


Q, eui0) (1707-4) 


' 
corrected Zo 
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This, of course, assumes that the line section of impedance Z, (to 


R, value to the resonator. | : : a 


which the sphere is coupled) is short compared to a:quarter wavelength, 


so that there will not be excessive reactance effects due to the Zo line 


section not being matched. As-seen by Eq..(17.07-4), the coupling can i 
be made tighter (i.¢., the corrected value of Q, can be made lower) if R, 
is made small. This result will be seen to be in agreement with Eq. (17.07-1). 
Thus, in cases where difficulty is being experienced in obtaining a suffi- 
ciently low value of Q,, decreasing the size of R, may be a satisfuctory - - = 
way of obtaining the desired result. If the external load impedance is not - 


suitable for this, a step transformer can be used to present the desired 
A < i : i en } Bd sae < 4 ‘3 
aN — 

The procedures described in Sec. 11.02 will be found to be convenient . 


for experimentally checking external Q values, as well as unloaded Q values. | 


Design for Prescribed Coupling Coefficients Between Resonators—The 
calculation of the spacing of ferrimagnetic resonators and the dimensions 
of intervening apertures in order to obtain specified coupling coefficients . k 
is a relatively difficult problem and no such procedures are presently 
available. However, it its quite practical to experimentally determine the 
proper sphere spacings and aperture sizes by use of the two-resonator test q 
procedures described in Sec. 11.04. Some of the results shown in Sec. 17.08 a 5 
should serve as a useful guide in estimating the approximate sphere spacings : 


and aperture sizes to be expected. 


Besides the consideration of obtaining adequate coupling, between spheres, 
other considerations are the obtaining of sufficiently high isolation off 
resonance, and the maintenance of sufficient separation between the spheres 
so that the spheres will not cause each other to see non-uniform biasing - - 
H-fields (which could help excite unwanted modes). The experimental results — | 
obtained from the examples in Sec. 17.08 should be helpful guides with re- d 
gard to botn of these points. With regard to the spacing of the spheres, 
Spacing their centers by about three times their diameters appears to be 


satisfactory. 


—>- 
* 


Effects of Scaling the Filter Parameters—It should be useful to know 
the effect on the external Q’s of the end resonators and on the coupling 
coefficient between resonators of changing the dimensional scale ef the 
circuit, the saturation magnetization M,, and the operating frequency range. 
Such information should help the designer in relating information obtained 
from a given filter design to other filter designs having somewhat different 


parameters. 
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As previously discussed in this section, the equivalent circuits in 
Fig. 17.02-3 can be used in analyzing filters with ferrimagnetic resonators. 
Hence, Eqs. (17.02-11) to (17.02-13) also apply and we may r2state them 


here in the form 


Rm 
(COS MS Caceene ry (17.07-5) 
2 
(Xea) 
ge 2) ieee (7207-6) 
og a 
ee Ae BAe 
Paes 
Rw, 
(G lp i) Gane & ae C1 0%=7) 
2 
2 eae, 
where the x, jt, are mutual reactances and ‘the %, are resonator slope 
parameters. The mutual reactances can be assumed io be of the form 
Xi oje = og ly say (17.07-8) 


where w) is the radian frequency at resonance, Jig 1s the permeability of 


air in henries/unit length, and W- is a scale factor depending on the 


eee 


dimensions of the circuit. ‘The parameter W el has the dimension of 


length. Then by Eq. (17.07-5) and (17.07-8) 


i heard eae eines (17.07-9) 


Now Carter” has shown that in general, if a ferrimagnetic resonator is 


coupled by way of a linearly polarized MF magnetic field A, then 


R, 
GQ, = .—— (17.07-10) 
Ho (U5, ) Pw, 


.where Vis the volume of the sphere, 


eee CVA ne ae CLTAOT ALA) 
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em ere 


the M. of the resonators ought to be Like changing the number of turns in 


y is the gyromagnetic ratio, and- 


ul a ; j r " h . - 
‘dia te eR Yodo Out Cbs (17,07-12))9 
, see: A a 


where h is the RE field seen by the resonator due to current th flowing 
in the load R,. The parameter U), is seen to have dimensions of 1/(leugth). 
Equating Eqs. (17.07-10) and (17.07-9), and solving for the resonator 


slope parameter a, gives 


50 Reis 8 Pid be by | a 
sat Oe eR caer eee Be | C07 ae 
(Uy. ) 2, Mie sek . , 


Assuming that ee ays by Kus. (17. 07-6), (17.07-8), and: (17, OF 03) tare 
obtain. | 


w, (Uy, ee Wey ti Me 


ny 


‘ a 
gig tt 


(17..07- £4 
cg (Wy)? a “a 


Checking: the demons sanwiores of Ky. (17.07-14) we find: that 


Au , Aft, yA, 


k Soe (1707-1 
d 4 Kn 9 4 a, me : 


waere A is a dimensionless factor which 1s determined only by the relative 
proportions of the vartous parts of the circuit, but which is independent — 


of the dimensional scale of the circuit. 


From a somewhat different point of view, it would appear that changing 


the coils in the circuit in Fig. 17.07-5. In that cause the mutual reactance 
Xy, for coupling to the load ought to be proportional to M,, while the 
mutual reactances x yea for coupling Letween resonators ought to be pros 5 
portional to CMe) 77 An analysrs from this paint of view was worked out in 
a manner similar to that described above. ‘this analysis also led to 


Eq. (17.07-15), which helps to veri fy its correctness. 


A number of useful conclusions can be drawn from the above analysis: 


(1) Scaling the circuit up or down in size will have no effect 
on the coupling coefficients between resonators, although 
by Kqs. (17.07-10) to (17.07-12) ait can be seen that the 
external Q's of the end resonators will be affected. ‘The 


-Q, will vary as 1/(size). 


(2) The coupling coefficients between resonators will vary as 
L/wy but the external Q’s are independent of frequency. 
Since the coupling coefficients predominate in delLermining 
bandwidth, the bandwidth of a filter with ferrimagnetic 
resonators will tend to remain constant as it 1s tuned (see 
Sec. 17.02), but the response shape will change. A fitter 
with moderate-sized Tchebyscheff ripples at the center of 
the tuning range will tend to have larger ripples when 
tuned at the lower edge of the tuning range, and may tend 
toward a nearly maximally flat response when tuned at the 
upper edge of the tuning vange. 


(3) The coupling coefficients are directly proportionai to M, 

white the external Q's are inversely proportional to M, 
‘Thas as can be seen with the aid of Sec. 17.02, any change 
in M, will alter the filter bandwidth in proportion to the 

change in M, while the response shape should remain un- 
affected. Une qualification to this statement needs to 

be made with regard to dissipation loss. Since the dis- 
sipation loss effects are influenced by bandwidth (see 
Secs. 11.06 and 11.07), there may be some change in cve- 
sponse shape for this reason. 


(+4) Because the external Q varies as 1/(size), as the circuit 
is sealed in size, and because the coupling coefficients 
vary.as L/w. the obtaining of adequate coupling between 
the end resonators and the external circuits, und the 
obtaining of adequate coupling between adjacent resonators, 
will become increasingly ditficult as the operating fre- 
quency is increased. Ferrimagnetic uaterials with 
especially large values oP should be helpful for use 
in the higher microwave ranges. 


At the time of this writing, the above conclusions have not been 
systematically checked by experimental means; however, they do appear to 
be consistent with available experimental evidence. ian particular, the 
measured responses of the filters worked on by Carter**>® bear out the 


‘second of the above conclusions very well. 
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SEC. 17.08, ‘RESULTS OF SOME -TRIAL MAGNETICALLY TUNABLE 
ai BAND-PASS FILTER DESIGNS HAVING STHIP-LINE 
TNEUTS AND OUTPUTS*® 


Several trial Habaetizally Reaab te filter designs will now be de- 
scribed. Since part of the design process involves cut and try (namely 
the determination of the spacings of the resonators and the sizes of the 
coupling apertures), these designs should provide helpful guide lines 


for additional walla tb 


A Trial Two- Resonaivr YIG Ce Design Using Top and Bottom Wall 
‘Coupling— Figure 17, 08-1 shows the cross section of the strip-lines which 
were.used in the design ofa magnet- 


- ically tunable filter of the form in 


—— 1.0° > 
i anes! ail skid Oo Fig: 89720723. cin this case, the 


42 20.495" f: 


strip line was made unsymmetrical 


in an effort to obtain tighter cou- 
t= 0.010" ; ‘ Pe 
pling to the spheres for given line 


impedance. The smaller spacing d, 
ad between the strip line and the bottom — 
GARNET 

SPHERE wall should give a yreater flux den- 


. r . . y, 
a es sity and tighter coupling to the 


; sphere for a given line impedance. 

FIG. 17.08-1 STRIP-LINE DIMENSIONS liowever, using a larger upper wall 
FOR AN EXPERIMENTAL ° 
FILTER OF THE FORM 
SHOWN IN FIG. 17.07-3 _gap required, and other means for 


obtaining a tight coupling to the 


spacing d, increases the magnet air 


sphere appear at this time to be 
preferable. (The use of a step transformer to lower the terminating im- 


pedance seen by the resonator is recommended, as discussed in Sec. 17.07.) 


In this case the external Q's were computed using the fermula 


120 wi (d,/d,) (dy + dy) ae 
Rate BES IF ON ST ane (17. 08-1) 
Ho®,} 2 
where 
“ d,d 
3tT: ier ee 
ALN escapee Fe aaa Be | ~ (17,08-2) 


4,6 


@ : an 
These designs are due to P. S, Carter, Je. 


\ 
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is the effective width of the line if it had no friiging capacitance 

and Zy is the impédance of the line. All other quantities are as de- 
fined in Fig. 17.08-1, or as were defined in connection with Eq. (17.07-1), 
(17.07-2), and Fig. 17.07-6. The actual strip width W to give a Zy = 
50-ohm line with fringing Capacitance was estimated using the fringing 


capacitance data in Sec. 5.05. 


This trial filter design used Qehte-tnehadiemeter YiG spheres mounted 
on 0.010-inch-thick dielectric plates, as indicated in Fig. 17.08-2. The 
coupling slot between the spheres (see Fig. 17.07-3) was 0.105 inch wide 
and 0.320 inch long, while the metal wall separating the input and output 
strip line structures was 0.125 inch thick, as indicated in Fig. 17.08-2. 
It was found desirable to use a relatively thick dividing wall in order 
to separate the spheres enough that they would not disturb the biasing Hy 


field seen by each other. Each sphere was mounted with its center 0.160 inch 


Hy 259700 Ho? 810 0¢ Hp =10990e Hy 7 12870e 
j | ! 
70 pr 


Mer ASL: 
eee 
t 


a Ee ane 
Utc+3570 Gel FT: 
a fap Wer eg YiG SPHERES 
$1 = COUPLING SLOT 0.0739 IN. DIA. 
Lo @.105 18 00.320 IN AND 0.0742 IN, DIA. 


a 


TE gia IN. THICK C.010 IN. THICK REXOLITE 
Tt COUPLING PLATE 


ATTENUATION-——4 b 
uw 
ro) 


o Ee: A Ba i an beni ran ena bed perky Ba EL head Pt hat ke Res gale re hea ae Hit 
16 2.0 2.4 23 3.2 3.6 4.0 4.4 4.8 52 5.6 


FREQUENC Y—~Ge 
0- 3927-136 


FIG. 17.08-2 MEASURED RESPONSE FOR A TRIAL TWO-RESONATOR FILTER 
OF THE FORM SHOWN IN FIG, 17.07-3 


_ The responses for four different values of biasing H, field are superimposed. 
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from the vertical short-circuit wall terminating its strip line. The 
estimated external Q computed using Eqs. (17.08-1) and (17.08-2) was 
105, #hile measuced values obtained without the coupling slot averaged 
about 125. As might be expected, cutting the coupling slot in the wall 
between the two spheres tended to increase the external Q's, so that the 
measured values averaged around 170. The size of the coupling slot was 
determined by cut and try increases in the coupling-slot width until a 


-Tchebyscheff response with small ripple was obtained. 


Tests on one of the resonators gave a measured unloaded Q value which 
ranged from about 550 at 2 Geo to, T2535 .46 ee Gc, when tested in the strip- 
line structure before the cenpling slot was cut. After the 0.105-inch by 
0.302-inch slot was present, these eae ce interestingly enough, 
raised to 710 and 1810, respectively... This same resonator when tested in. 
waveguide had an unloaded Q of 3800 at 2.6 (ic, and 6,600 at 4.0 Ge.! 


The considerably lower Q’s in the strip: line structure are due tuo the 


deleterious effects of the relatively confining metallic boundaries seen’ 


by the sphere. 


The spheres were mounted so that they had a {Lli] axis (t.e., am easy 
axis) ‘parallel to Hy. Figure 17. 08-2. shows the measured attenuation 
characteristics of the filter obtained for four values of biasing field 
Hy. Note that the off-resonance attenuation is quite high, although there 
is a spurivus response below the pass band in each case. ‘The higher the 
pass-band frequency, the lover the attenuation at the spurious response, ~ 
until when the filter is tuned around 4.5 Ge, the spurious response merges — 
with the pass-band response. The minimum attenuation of this filter was 


2.8 db when tuned at 2.0 Gc, 1.8 db at 2.6 Gc, 1.3 db at 3.4 Ge, and 
0.8 db at 3.9 Ge. : 


A Side-Wall, Coupled Two-Resonator YIG Filter Design—-Figure 17. 08-3 
shows the dimensions of an experimental filter of the sidewall-coupled 
type in Fig. 17.07-4{a): Note that the dividing wall with its aperture © | 
was made easily removable, so that various wall thicknesses and aperture | 
‘sizes could be tried. The YIG spheres were mounted on dielectric rods 
so that they could be rotated about a i110] axis in order to achieve 
synchronous tuning. This type of tuning was provided mainly because it 
was planned that this filter would later be converted to a three-resonator 
filter, and it appeared desirable to include means for tuning the reso- 


nators with respect.to each other. 
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E1G. 17.08-3 DETAILS OF A TWO-RESONATOR YIG FILTER 
OF THE FORM SHOWN IN FIG. 17.07-4(a) 


Note that the strip lines in Fig? 17.08-3 are closer to the dividing 
wali than to the outer walls. This was done so that adequate coupling 
could be maintained between spheres wile Pstr hl keeping the spheres under 
the strip lines. The strip. lines were designed to give a desired imped- 
ance ofez, = 39 ohms by first computing Cy/€, the required normalized 


capacitance per unit fength, by use of 


C 3 a 
0 376.4 ae on 
ae —— (17. 08 
ie (een 

ve Ly 


ve a pe Se a a 


where €, 1s the relative dielectric constant of the medium of propagation, 
Then, referring to Fig. 17.08-4, desired values for t, 6, S,/2‘and S,/2 
were selected, and the corresponding line width W required to give the 


desired line impedance Zj was computed using the formula 


Beat gs PORN BS 
i t 0 0 0 
mr Cloke’ bs -(+) -(“) “yy 2 CIROB ee 
i b /| 2e é fy nes 
5 LL ‘ 


where (C9 /o), and Loe De are normalized fringing capacitances obtained 
from Fig. 5.05-10(a) using s/b = S,/b and s/b = S,/b, respectively. 


ols 


This trial filter used 0.074-inch- 
DIVIOING WALL diameter YIG spheres, while the spacing 
d between the strip-line and the ad-— 
jacent ground planes was 0.110 inch. 


By Fig. 17.07-6, these dimensions’ are 


> seen to yield a theoretical value of 
A- 3827-637 external Q of about 150, which is 


satisfactorily low. Measured values 


FIG. 17.08-4 DEFINITION OF THE 
STRIP-LINE PARAMETERS of Q, in this structure ranged from 
FOR THE FILTER SHOWN 212 to 236. These relatively high 


IN FIG. 17.08-3 measured values are no doubt due 
largely to the spheres being located 
near the edves of the strip lines in- 

stead of at their centers. ‘The size of the coupling aperture was held 
constant while various thicknesses of the dividing wall in Fig. 17.08-+3 


were tried until a response with a small Tchebyscheff ripple was obtained 


Table 17.08-1 along with Table 17.08-1 


Figs. 17,0€-5 und 17.08-6 show MEASURED CHARACTERTSTICS OF TWO- RESONATOR 
the neasuredaperformaned of SIDE-WALL- COUPLED FILTER IN.FIG, 17.08-3 


this filter. The data in 
Fig. 17.08-6 were taken by 
holding the frequency constant 
and varying the biasing mag- 


netic field. As can be seen 


from Fig. 17.08-6, the spurious 


response below the pass band 


. 
The bandwidths given are measured to the 3-db or 30-db 
is more severe than is the points below (Lyon 
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main spurious response in the case of the top- and bettom-wail coupled 


filter whose’ response is shown in Fig. 17.08-2. ‘he larger spurious 


response in Fig. 17.08-6 is believed to be due to having the spheres so 


close to the edge of the strip-lines. By using a thinner dividing vall 
between strip lines, it is. possible to move the spheres further bac: 

Rides the strip lines, but a thinner dividing wall was found to Paduce 

the off-resonance isolation of the filter. Note from Fig. 17.08-5 and 
Table 17.08-1 that the 3-db and 30-db bandwidths of the filter are nearly 
constant as the filter is tuned, while the response changes from an over- 
coupled response at the lower Ghd’ of the tuning range to an under-coupled 


response at the upper end of the tuning range. These results are in agree- 


‘ment with the conclusions Listed at the end of See. 17.07. 
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FIG. 17.08-5 PASS-BAND CHARACTERISTICS OF THE TWO-RESONATOR 
FILTER SHOWN IN FIG. 17.08-3 
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FIG. 17.08-6 STOP-BAND CHARACTERISTICS OF THE TWO-RESONATOR FILTER 
SHOWN IN FIG. 17.08-3 
One decided advantage of side- wall coupled filters of this type is 
that they make possible the use of a magnet air gap of minimum size. A 


more refined version of the filter in Fig. 17. 08-3 has been built which 


requires a magnet aic gap of only 0.260 pach: This filter was constructed 
to split in haif horizontally in the plane of the strip-lines. ‘The upper 


and lower half were machined from separate blecks of brass, aud the divid- 


ing wall was machined integra! with. che rest of the structure. 
Figure (7.08-7 shows this filter with half partially removed. The rec- 
tangular tabs protruding from both sides of the middle of the filter 


were included for possible use in mounting the filter in a magnet. 


A Trial Three-Resonator YIG Filter—The filter in Fig. 17,08- 3 was 


modified to make it into a three-resonator filter of the form in 
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Fig. 17.07-4(b). ‘This was done by removing the original dividing wall 
and inserting the thicker wall shown in Fig. 17.08-8. Note that this 
wall contains an additional 0.074-inch-diameter YIG sphere, and there 
is also provision for rotating the added sphere about a [110] axis. 

The height of the aperture in this dividing wall is 0.110 inch, ‘the 
same as the spacing d between the strip lines «nd the adjacent ground 
pienes. Thus, this third sphere will see boundary conditions very 
similar to those seen by the spheres under the strip lines. The thick- 
ness of the dividing wall was chosen so that the center-to-center spac- 
ings of thé three spheres would be the same as the center-to-center 
spacings of the spheres in the two-resonator version. In order to 
cptimize the response shape, ‘some adjustment of this spacing of the 
spheres would be desirable, but the spacing used was found to give 
reasonably good results. Figure 17.08-9 shows the assembled trial 


three-resonator filter without a magnet. 
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FIG. 17.08-7 A MORE REFINED VERSION OF THE FILTER SHOWN IN FIG. 17.08-3 
WITH iTS UPPER HALF PARTIALLY REMOVED 
This filter requires a magnet air gap of only 0.260 inch 
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FIG. 17.08-8 DIVIDING WALL FOR THE THREE- RESONATOR. 
EhSlcy OF THE FILTER SHOWN IN FIG. 17.08-3 © 
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FIG. 17.08-9 PHOTOGRAPH OF THE ASSEMBLED 
THREE-YIG-RESONATOR FILTER 
_ SHOWN WITHOUT A MAGNET 
The required orientation of the biasing | 
_ field Ho is indicated by an arrow. 
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The two end resonators were first tuned to be in about the middle o 
their tuning range, when the filter was operated as a two-resonator filt 
The tuning rods were then cemented, and a third resonator was added and 


tuned by rotating it so as to give a symmetrical response. In this type 


of filter it would be desirable to adjust the resonators in such.a way a 


to be close to the orientation which would cancel out the temperature 

effects of anisotropy. Otherwise, if all of the spheres do not have the 
Same orientations of the crystal axes, and if there are sizeable changes 
in temperature, the resonators may suffer appreciable mistuning with re- 


spect to each other. 


Table 17.08-2 atong with Figs. 17.08-10 and 17.08-11 show the measu 
performance ef the filter. ‘fhe data in these figures were again taken b 


holding the frequency constant 


and varying the maynetic field. | Pee a nau 

Fhis procedure is in most re- qe astiun CHARACTERISTICS OF THE THREE- RESONATOR 
Sspects equivalent to holding YIG FILTER SHOWN IN FIG. 17.08-9 

the field constant and. vary- 7. a) 
ing the freqnency,: and the Cente) ok (oersteds) | 
use of this procedure per- aaa ere 


mitted much more rapid test- Bos. 
: ag ae : : 996 
ing of the filter. Note 1310 
that the stop-band attenua- 1586.8 


tion leve) has been greatly 


improved in this filter while 


» 
The bandwidths given are measured to the 3-db or 
30-db point below (Ly), 


the pass-band attenuation has in’ 


been increased only a little. 


One of the important things demonstrated by this trial three-resona 
fa Utena Pine uve resonators can be kept in tune with each other as the 
Hfy-tield as varied. An earlier trial three-resonator filter* was not so 
successful in this regard. It is believed that the similar boundary con 
ditions seen by all three spheres in filters of the type in Fig. 17.07-4 


are amportant for maintaining synchronous tuning. 


The 30-db bandwidth of the filter stays quite constant over the tun 


“range, just as for the two-resonator version. he ratio of the 30-db ba 


width to the 3-db bandwidth runs around 2.8 for the three-resonator filt 
design as compared to around 5 for the two-resonator filter design.  Al- 


though the cutoff rate was considerably sharper for the three-resonator 
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FIG. 17.08-10 ATTENUATION vs. BIASING H-FIELD FOR THREE-YIG-RESONATOR 
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FIG. 17.08-11 THE STOP-BAND ATTENUATION CHARACTERISTICS vs. BIASING 
H-FIELD FOR THE FILTER SHOWN IN FIG. 17.08-9 
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design, the performance of this particular filter was probably not optimum q 
in this respect because of « small amount of mistuning and because no 
effort. was made to optimize the shape of the pass-band response for this — a 
condition. Filters designed to correspond to equal-element prototypes Lis a 
(Sec. 11,07) would probably be desirable for most tunable filter applica- 4 
tions. Such filters would result in very nearly minimum midband dis- — S 
sipation loss for a given specified 30-db (or other specified level) 

_ stop-bandwidth. In the case of the two- and three-resonator filters 
discussed herein, the three-resonator design has a 30-db bandwidth which _ 
is about 23 percent less than that for the two-resonator design, but with — 
somewhat larger midband attenuation. Further optimization of the design 
to correspond to an equal-element prototype at a given tuning frequency, 
should make it possible to reduce the midband loss somewhat at least at 


that tuning frequency: 


SEC. 17.09, MAGNETICALLY TUNABLE ®BAND-PASS FILTERS WITH 

WAVEGUIDE INPUTS AND OUTPUTS ¥ 

Figure 17.09-1 shows a two-resonator waveguide filter which is 

analogous to the strip-line filter in Fig. 17.07-3.  Ferrimagnetic reso-— 
nator spheres are placed near short-circuit walls in the waveguides so 
that the spheres see strong magnetic fields. ‘he spheres are coupled 
through an.elongated coupling slot with its length parallel to the wave-. 
guide axes. With this orientation of the slot, there is very little | 


coupling between guides except when resonance in the spheres is excited. 


STEPPED WAVEGUIDE TRANS- 
FORMERS BETWEEN STANDARD- 
AND REQUCED-HEIGHT GUIDE. 


AXIAL COUPLING SLOT IN 


COMMON WALL BETWEEN GUIDES 
3 RESONATORS 
; A- 3927-583 


FIG. 17.09-1 TWO-RESONATGR FILTER LSING OVERI APPING WAVEGUIDES 
AND ELONGATED AXIAL COUPLING SLOT 
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‘ FERRIMAGNE TIC HESONATORS =e 


\ CIRCULAR COUPLING IRIS IN 
COMMON WALL BETWEEN TWO GUIDES 


— 


rar “ MATCHING SECTION TO FULL-HEIGHT GUIDE 


A-3Le7- 586 


FIG. 17.09-2 TWO-RESONATOR FILTER USING WAVEGUIDES AT RIGHT ANGLES 
° (AND A CIRCULAR COUPLING IRIS 


The spheres are placed in reduced-height waveguide in order te obtain 
adeyuate coupling between the spheres and the waveguides, and also to 
reduce the size of the Magnet air pap’ required. Step transformers are 
used to transform the impedance of the standard terminating guides to 
that of the reduced-height guide sections. 


' Figure 17.09-2 shows another possible waveguide configuration, a 
2 4: 


eS 
as 


Single-resonator version of which has been discussed by Kotzebue. 
configuration differs from that in Pig. 17.09-1 mainly in that of f- 
resonance isolation 1s obtained in thie cuse by using a round coupling 
hole which will permit both linear components. of the circularly polarized 
fields genetated by the spheres -at resonance (see Ses. 17.05) tobe 
coupled trom one splere to the other. In this case the guides are placed 
at Fight angies to cach other in order to increase the off-resonance iso- 
bation oittl the paudes so cniented, whe ginlGerrwild tase ther fuera tiene 
ation characteristic for both directions of transmission, but it will have 
180 degrees more phase shift for one direction of transmission than for th 
other.°> In the ease of the falter an Big. 17.09-2, both the altenuaticn 


and phase characteristics are independent of the direction of transmission 


The desten process for a waveguide Filter with ferrimagnetic reso- 
nators closely parallels that for the strip-line cases discussed in 
Sec. 17.07. Carter? has derived an equation fer the external Q of a ferr: 
magnetic resouator mounted an waveguide, and this cyuation 1s gives in ; 
Big. 17.0923. in’ this equation oe is the puide wavelength, A is the free- 


space wavelength, a and b are guide dimensions indicated in the figure, 
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FIG. 17.09-3 Q, vs. SPHERE DIAMETER OF SPHERICAL. YIG RESONATOR LOCATED ATA a 
HIGH-CURRENT POSITION IN SHORT-CIRCUITED TE, RECTANGULAR WAVEGUIDE 


In the equation shown, ig is the permeability of ike region about the sphere, va 
ao nee Ma 1.759 * 101) in mks units, and V_ is the volume of the sphere. 


and the other parameters are the same as was discussed in connection with 
fqs. (17.07-1) and (17,07-2). Figure 17.09-3 also shows curves of Qae 

é » > 
vs. sphere diameter for YIG spheres (47/4, = 175C gauss) in various standard 


height waveguides. To scale the values cf Q, in Fig. 17.09-3 to correspond 


to other than standard height waveguides use the reiation 


‘ 


Q. | 


4 


Wa hers (1709-1) 
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where 6 is the height of the standard guide, 6’ is the actual height to 
be used, and ea and Q.j,. are the external Q's for the guides of height 
b and b', respectively. To scale data in Fig. 17.09-3 to correspond to 


materials other than YIG use 


M, 
OES Shel tree (17.09-2) 
7} 


where M,/M) is the ratio of the saturation magnetization of YiG to that 
of the material to be used, Q, is the external Q for YIU as obteined from 


Fig. 17.09-3, and Q{ is the external Q for the ferrimagnetic material 


actually used. 


Figure 17.09-4 shows computed aud measured data for the external @ 


ay 
of YIG spheres in one-quarter height X-band waveguide. Notice that the 
agreement between theory and experiment is yuite good. ilowever, as for 


the strip-line cases discussed in Secs. 17.07 and 17.08, the presence of 
an adjacent coupling hole or slot can be expected to increase the external 


Q of a resonator, typically by a factor of 20 percent or somewhat more. 


The determination of the proper spacing between spheres and the size 
of the intervening coupling aperture can be determined as discussed in 
Secs. 17.07 and 17.08. Approximate designs can be obtained by scaling 
the sphere spacings and aperture sizes in the examples in Sec. 17.08, 
using the principles discussed in Sec. 17.07. It is generally desirable 
to make the aperture somewhat undersized to start out with (i.e., somewhat 
narrow if it is an c¢longated slot), and then its size can be increased 


until the desired pass-band shape (or coupling coefficient) is obtained. 


As was discussed in’Sec. 17.05, the coupling to magnetostatic modes 
in a ferrimagnetic resonator tends to increase as the frequency increases. 
The work of Fletcher and Solt™ indicates that this coupling depends 
strongly on the sphere diameter as compared to a wavelength. Thus, for 
the same level of spurious-response activily, filters designed to operate 
at X-band or higher should use smaller resonator spheres than filters 


designed for S-band, if other factors are equal. 
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SOURCE: Final Report, Contract BA 36-039 SC-74862, Sli; reprinted 


in IRE Frans. PGOMTT (see Ref. 3 by PLS. Garter, Jr.) 


FIG, i17.09-4 THEORETICAL AND EXPERIMENTAL Q, OF YIG RESONATORS IN REDUCED 
(One-Quarter) rCICHT, STANDARD-WIDTH X-BAND WAVEGUIDE AT 10 Ge 


SEC. 17.10, MAGNETICALLY TUNABLE DIRECTIONAL FILTERS HAVING 
! GIRCULATON ACTION 


Figure 17.10-1 shows a waveguide directional filter of a type dis- 


cussed in Chapter 14. This filter uses cylindrical resonators with 
circular apertures, which all together can propagate circularly polarized 
TE,, modes at resonance. ‘The first and fast apertures are cut in the 


adjacent. TE, y-mode rectangular waveguide at points where the H-field is 
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circularly polarized at the resonant frequency of the cavities. As a 
result of the circular polarization in the resonators and coupling aper- 
tures, when the cavities become resonant, power flows from Port } through 
the resonators and out Port 4, while in theory no power emerges frem 

Port 2 or 3. Off of resonance all of the power flows straight through 
from Port 1 to Port 2. Figure 17.10-2 shows the measured attenuation 
characteristics for transmission from Port 1] to Ports 2, 3, and 4 for a 
iwo-resonator filter of the type in Fig. 17.10-1. The input VSWR av 

Port 1 is also shown. Intheory 
this type of filter will always 
present a matched impedance 
looking into any one of its 
ports if the other three ports 
are terminated in waveguide 


loads cf unity VSWR. 


Figure 17.10-3 shows a mag- 
netically tunable two-resonator 
directional filter which is po- 


tentially capable of producing 


the same attenuation character- PORT i PORT 2 
A-3527-457R 


istics shown in Fig. 17.10-2 


when the input is at Port 1]. As FIG. 17.10-] A TWO-RESONATOR, FIX EC- 
was indicated in the case of TUNED WAVEGUIDE 
the filters in Figs. 17.09-1 DIRECTIONAL FILTER 


and 17.09-2, the spherical YIG 

ferrimagnetic resonators are 

placed in reduced-height waveguide in order to increase the coupling be- 
tween the waveguides and the spheres, and step transformers are used to 
match between the reduced-height guide and the standard height termina- 
ting guides. The YIG spheres ure placed in the waveguide at points in 
the guides where the RF i-field will be Girtuiatly polarized. Now at 
ferrimagnetic resonance the circularly polarized AE Hi-fietd in the first 
guide will excite a strong circularly polarized magnetic moment in the 
first sphere (see Sec. 17.05). This magnecic moment will in turn pro- 
duce un intense circularly polarized H-fieid which will couple through 
the circular aperture to the second sphere. An intense circular polarized 
magnetic moment will then be excited in the second sphere which’ will 


cause energy to be radiated out Port 4. Thus we see that the filter in 
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FIGs 17: 10-2 “MEASURED PERFORMANCE OF A 
TWO-RESONATOR WAVEGUIDE 
DIRECTIONAL FILTER OF THE . 
FORM SHOWN IN FiG. 17.10-1 


Fig. 17.10-3 will operate essentially the same as the filter in 

Keg. 17.10-1} when power is fed in Port 1. The main difference is that 
the filter in Fig. 17.10-1 uses circularly polarized rescaances ip 
electromagnetic resonators while the filter in Fig. 17.10-3 uses circu- 


larly polarized resonances in’ ferrimagnetic resonators, 


If power is fed into Port 4Jof the falties in Fig..)72.10-rjit witl 
exhibit the same general transmission propercies indicated in Fig. 17.10-2, 
except for the curve marked: for Port 4 now aun lips to Port 1, etc. | This 
is necessary since the filter in Vig. 12. 10-1 is a reciprocal device. 
Huwever, as was noted in Sec. 517.95, ferrimagnetic resonators are. rot 


rec iprocal circuit elemenis. As a resuit, if power is fed ute Port 4 
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FIG. 17.10-3 A MAGNETICALLY TUNABLE DIRECTIONAL FILTER 
THAT HAS CIRCULATOR ACTION 


1067 


of the filter in Fig. 17-10-3, the circularly polarized H-fields will | © 7 
have the wrong direction of polarization to excite resonance, and the ‘ a 
power will emerge from Port. 3 instead of going to Port | as it does in ae 
the case of the filter im Fig. 17.10-1. Thus,, at ‘resonance we can get i 
Chandmissteor from Port 1 to Port 4, from Port 4 to Port 3, from Port 3 to ‘s gq 
Port 2, and from Port 2 to Port 1. ‘Therefore at resonance this® device rake . 
can be used as a circulator. if the direction of the biasing Hy field 7 
then the directions for transmission at resonance would all 


“is reversed 
power could flow from Port. 4 to Port 1 at resonance, — - 


be ‘Weversea, Ee 
etc. Thus, this evi be can also be used as a magnetically controlled 


wawiteh, 


The amount of reverse paolation between, suy, Ports 4 and 1] at reso- ee 


nance depends on how nearly perfectly polarized the H-fields seen by the 


resonators: are. for example, if the resonators are located at points in 


the waveguides so that they see elliptically polarized fields, if the. 


main transmission is from Port 4 to Port 3 there will also be some trans- 
mission through the resonators to Port 1. This is because any elliptically. 
polarized. field can- be regarded as being composed of twa circularly polar- 
ized fields with opposite directions of rutation, and the component with eT 


the proper direction of circular polarization to excite the spheres will 


* 


pass through to the other guide. 


Patel” has suas an extensive analysis of single- resonator filters of 
the type in Fig. 17.10-3. In his filters a single YIG sphere was so 
placed in the center of the coupling aperture between guides as to be 


half in the upper guide and half in the lower guide. Among other things, 


oth 


he made a study tv dctcrmine the optimum location of the sphere in the 
waveguide to obtain the best possible circular polarization of the RF 
H-fields over a waveguide. band. This is an important consideration since 
for any given position of the sphere, perfect c cireular polarization cam 
only be obtained at one frequency, and wt is des irable that the eliipticity 7 
of the H-ficlds at the upper and lower edges of the desired frequency 
tuning range be minimized. Patel’s study shows that the optimum compro-— 
mise location for the ferrimagnetic resonator is approximately a@/4 from 
the side wali of the waveguide, where a,is the width of the waveguide. 
Figure 17.10-4 shows experimental points and theoretical curves obtained | © 
by Patel for a single-resonator filter of the type in Fig, 17.10-3, which — a3 - 
illustrates how the forward and reverse insertion loss at resonance vauyy 


The upper dashed curve shows how the theoretical reverse isolation at 
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SOURCE: IRE Trans, PGMTT (see Ref. 27 by C. N. Patel) 


FIG. 17.10-4 THEORETICAL AND EXPERIMENTAL INSERTION LOSS IN 
FORWARD DIRECTION (Port 1 to Porr 4) AND REVERSE 
DIRECTION (Port 4 to Port 1) FOR A SINGLE-RESONATOR 
FILTER OF THE FORM SHOWN IN FIG. 17.103 
The magnetic field was adjusted to give resonance at each 
test frequency, 


resonance varies as a function of the tuning Frequency; as a result of 
the ellipticity of the H-field polarization. Note that the theoretical 
isolation goes to infinity at around 9.3 Ge where the polarization is 
cireelar. The lower dashed curve shows the forward insertion loss at 
resonance as the filter is tuned across the band. Even though, when the 
H-field does not have perfect circular polarization, there will be some 
leakage of power out Port 2 at resonance (when power 15° fed in-Port 1). 
this source of power loss is smail, and the insertion luss indicated in 


this figure is mostly due te dissipation Less ia"the resonater. 


The design of magnetically tunable directional filters ‘can be carried 
out in much the same fashion as was described for the cases treated in 
sees 17107) to 17509... Patel gives. ifor vthe external Q of a ferrimagnetic 


resonator in a directional filter, the formula 
v7 
aN 


Q, = PERG AR KS -, (17, Oat) 
fg, Ve (ke + ky) 
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where in mks units a, s yiawes y = 7590 10! Hy? 1,256 * 10us henry/ 
meter, and M, is the saturation: magnetization in ampere- -turns/meter. 
{See aii bé 05- 3a, b) for ‘conversion to other units. ) The quantity Ve 


oo : ae 
is a! volume of the ferrimagnetic resonator and ; a 


1 LE 


See 2(H)e es (17.10-3) a 
Ma 2a 2a ae a : CLTAN- 4 


The ratio af le /h) 3 is equal ‘to the ratio of the RF H-field strength geen 


by the resonator in a direction transverse to the axis of the guide con- 


taining che resonator, to the RF H-field strength seen by the resonator 


in the direction parallel to the axis of the guide, while a is the width. 


dk Be ik . 
te en Zs 


of the guide, x is the. distance from the center of the resonator to the 
side of the guide, and A. is the Andel wavelength. To give circularly 
polarized excitation , of the resonator, [ko | = [ky | is required. t 


Patel dses not give an explitie dehitirhon of the guide impedance 


PET ond eh 


Ze in Fa. (17.10-i). ‘However, it can be shown that for « =-a/2 (which * 
gives k, = n/2a and kets 0), Eq. (17.10-1) should reduce to Carter’s 


equation shown in Fig. 17.09-3. “Making use of this fact, we conclude 


that Eq. (17.10-1) can be restated as 


eed aan af | a — 

607ab é — 

Obie eee as a) -, 1T.10-4) q 

fe aaa\t me? ax\?| } a 

Ho, (sie a ' Sz cos pe ; a 

Using x = a/4, as appears to be Peat from Patel’ s work, and letting 
X ,/ (2) = 0:870 as is typical for the center of a waveguide: operating 


Creed band, then 


Q. = 14 (Q, obtained usitig Fig. 17.99-3). (17.10-5) 


Thus, using Eq. lis 10- 55 along with Fig. 17.09-3 used in the manner 9 


described in Sec. 17.09, the proper waveguide dimensions and sphere sizes 


required to give desired external Q yale can be estimated. As was 
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discussed in See. 17.07, the presence of the coupling aperture between 
rewonatora will tend to raise the external Q somewhat (perhaps about 
20 percent), so some allowance should be made for this fact when deter- 
mining the sphere dimensions. 


When the designer has determined the diameter of the ferrimagnetic 
“resonators and the desired waveguide dimensions, if step transformers 
such as those shown in Fig. 17.10-3 are required, the desired design can 
be obtained using the data in Tables 6.02-2 through 6.02-5, and 
Tables 6.04-1 through 6.04-4, Corraction. for the fringing capacitances 
at the step discontinuities should be made using the procedure described 


in Sec. 6.08. 


The required diameter of coupling aperture between resonators for a 
filter such as that in Vig. 17.10-3 can he determined experimentally by 
making the hole relatively small to start out with, and then increasing 
its size until desired shape of response is obtained. If the vaiue of 
external Q for the resonators was chosen so as to correspond to a given 
low-pass prototype filter and a specified fractional bandwidth, then it 
should be possible to obtain the desired response shape and bandwidth by 
increasing the size of the coupling aperture between the resonators until 


the proper coupling coefficient is obtained between the resonators. 


SEC. 17.21, MAGNETICALLY TUNABLE BAND-STOP) FILTERS 


Figure 27.11-1 shows a possible form of strip-line, magnetically 


tunable, band-stop filter having a narrow stop band with high attenuation. 


Ko 


- STRIP — LINE 
CENTER CONOUCTOR ‘ 


GROUNO PLANES 
« ViG SPHERES 


A-3927-640 


FIG, TALS ‘A MAGNETICALLY TUNABLE STRIP-LINE 
BAND-STOP FILTER 


a 
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strip line will couple to the 

| spheres. Each sphere then has 
mutual inductance coupling to 
the transmission line as sug- 
gested hy the equivalent circuit 
in Fig. 17.11-2(a). (Note that 
this equivalent circuit neglects 


FIG. 17.11- 2 EQUIVALENT CIRCUITS OF A resonator dissipation loss.) 
YIG SPHERE. COUPLED TO A 


STRIP LINE AS SHOWN iN 
FIG. 17.19-1 ; ‘the biasing magnetic field 


@- 9927-64 


When the signal frequency and 


ta this figure resonator losses strength H, wre proper to excite 
are neghestee 


Audet 


resonance in the spheres the 


equivalent cireuit of the cour led resonator is as shown in Fig. 17.11-2(b), 


4. 


where within practical Limits the slope purameter 6, of the resonator can 


be controlled by the choice of sphere diameter and ve the magnitude of the . 


4 
saturation magnetization of the ‘ferrimagnetic material. The ferrimagnetic 
resonators of the filter in Vig. 17.12-1 can be tuned by varying the biasing | 
magnetic field strength Hy. ‘The second resonator is shown above the strip: : 


line while its neighbors are shown below the strip-line in order to minimize , 


Atte 
eas 


possible undesirable interaction between resonators, Whether this is neces- 
sary or not will depend on the relative size of the spheres and of the ground- 


plane spacing as compared to the Bie a in the operating frequency ach) 


From the equivalent circuit in Fig. 17.1720b) it ia agen, that the mag- 
netically tunable filter under consideration iv of the type discussed in 
Sec. }2.04 und shown tn Fig. 12,04-2, which ia repeated in Fig. 17, 11-3. 
Filters designed from the data in Fig. 17, 11-3 will usually be most practical 
if they are deaigned to have a constant main-line characteristic admittance 


; he a : 
: . ; a a eo 


which equals the termination admittance Yo: Under thia condition, in- a 
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FIG. 17.11-3 BAND-STOP FILTER Wi SH SERIES BRANCHES AND QUARTER. 


WAVE COUPLINGS: (a) EQUAL LINE ADMITTANCES, Y,; 
(b) GENERAL CASE OF ae 1. CONNECTING- LINE 
ADMITTANCES 
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Lose 


a condition wich obtained for any of the maximally flat low-pass pro- a 
totypes in Sec. 4.05, or for any of the Tehebyscheff protot,pes having 
n odd in that section Using the data in Fig. 17.11-3(a) the normalized (28 
raaonatot alope parameters 4./Y, can be calculated, where in the figure a 
w is the fractional bandwidth of the stop band to the band-cdge points 


corresponding to @, for the low-pass prototype (see Sec. 12.02). 


After the normalized resonator slope parameters 4 1%, jave been com- 
puted, the required ferrimagnetic resonator parameters can he computed by — 
use of data given earlier in this chapter. Note in Fig. 17 11-2 that if @ 
a short-circuit were placed across the transmission line just to the right 
side of the. resonator, assuming that the line to the left «f the resonator | 
1s terminated in its characteristic admittance Yo nmcnerg, Oe tie circuit 


would be 


be, 7 | 
(0.9 eager OTe 
. Nota. } 


Note that operating the resunators in the circuit in Fig. (7. 1-1 individu- 
‘ally with a short-circuit at one side of the sphere uider test, and with 
a matched transmission line at the, other side, is exactly the condit on 
_under which the external @ data in Fig. 17.07-6 and Eqs. (17.07-3) and 
(17.07-4) apply. Thus, using the reference external Q values given by 
Eq. (17.11-2) along with the data in Sec. (17.07, the requ;red resonator 
diameters for given M, values can be determined. If the :nloaded Q’s of © 
the resonators are known, the peak stop-band attenuation f the filter can be 
be computed by use of the data in Sec. 12.03. If the un) saded Q’s are not’ 
known, they can be measured by placing the resonator spheres one at a time 
in a short-circuited strip-line structure close to or A/Z from a short- 
circuit and making measurements as described in Sec. 11.%. This procedure _ 
can, of course, also provide an experimental verification of (Q,),. 
One obvious digsdv-ntage of the type of filter in Fig. 17.4 Deda a 
that its design is based on the assumption that its resonxtors are spaced 
a quarter-wavelength at resonance. If the filter is tuned over a very 
large range its response may deviate appreciably from the ideal since the — 
resonator spacings are Ay/4 et only one frequency. The mest serious effect 
may be that the peak attenuation might fall below ecceptaile levels in some | 
parts of the tuning range. However, if the performance requirements are 
‘not very severe, or if the tuning range is relatively sma‘l, filters of : 


the type in Fig. t7.4h-1 may be quite satisfactory. 
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Figete 17. 1]-4 shows a Bungestad magneLically tunable filter structure 
which may - ercome the drawbacks of the structure in Fig. 17.11-1 for tun- 
ing the s cp band across a large range. Wabhous the ferrimagnetic reso- 


nators the structure shown rs basically a semi -tumped-clement low-pass 


filter st1rscture suchte™. car be designed by the methovs discussed in 
Sec.0, 05 The structure cCuirsists of low-impedance line sections which 


operate [ -edominantly Like shunt capacitors, alternating with relatively 


high-imped. nce dine sections which funcriocr p:«dominantly like series 
inductance:. | This structure must be designed so that its cutoff fre- 


quency wi! be above the highest transmission fre ynency of interest. 


When ferrisagnetic resonators (such as YIG spheres) are introduced in 


the circuii, they yhautd typically have little effect except at or near 
ferrimagn -: ic resonaice. . At resonance they introduce very high series 
impedance an the circuit (as can be seen fron Fig. -17.11-2). Since 
chese vers “igh series impedances wilk alternate with very low shunt im- 
pedances, very nearly the maximum possib}« attenuation will be achieved 
from the ‘.sonators. It is readily seen that this condition would hold 
quite welt even if the resonators ace tuned «eross a wide band. Another 
advantage -f this typ: of structure sis that the scructure would be con- 
siderably -horter than that ino Fig. Lio)1-1. This could be particularly 
important vc the lower microwave frequenc.es where, if the spheres: were 
spaced a qiarter- wavelength apart, a very large magnet face would be re- 
quired. [. Fig. 17.11-4 the ieteeaate pieces have been phaced in the 
interior of :he metal capacitor blocks so that the ih H- fieids seen by the 


spheres wi i be as uniform as possible. - 


GRU 'D PLANES 


METAL PAPACITOR 7 BLOCKS ‘ 4 ge 7 RELATIVELY 


| ot TF IGH IMPEDANCE 
DIELECTRIC | % aA / LINE, SECTIONS 


STRIP-LINE tas VIG SPHERES 
‘CENTER CONDUCTOR | 


&- 3527-642 


FIC. 17.11-4 A SUGGESTED MAGNETICALLY TUNABLE BAND- STOP 
FILTER CONFIGURATION FOR LARGE TUNING RANGES 
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FIG. 17.115. A FOUR-RESONATOR MAGNETICALLY 
TUNABLE WAVEGUIDE BAND-STOP 
FILTER 
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Though a detailed design procedure for filters of the type in 
Fig. 17.11-4 has not been worked out at the time of this writing, the 
design equations in Fig. 17.11-3(b) shea!d prove helpful. The quarter- 
wevelength connecting lines of admittance Y, operate as impedance in- 
verters (Sec. &.03) having anverter parameter K, = 1/Y,. The equations 
in Fig. 17.11-3¢b) allow. for a. range of choice for these inverter param- 
eters. Now by Fig. 8. 03-1 ¢d). we see that a length of line with a shunt 
copagtter in the middle can operate as an impedance inverter. Thus, for . ~ 
purposes of determ mining the proper sphere sizes, etc., the circuits be- 
tween spheres in Fig. 17.113-4 can be sete cea in terms of impedance 
inverters of the form in Fig. 8. 03- i(d), After the designer has worked _ 
out the basic oe pass ‘filter structure design. he. can. compte “Values for 


the K, and Y,= UK Se “Then the equations in Fig. 17.T1-3(b) can be ieea 


Soe 


Seem nm ste Se na ma eT meng ne eee tot 
. - = =< ‘1 . Pits ar PT Ss 
ss g ‘ ate 


to wooecte ihe required pormalized resonator slope parameters. Finally, 
the required sphere sizes can be Cenpubed from the h. WW 1 bY precedes os 


auch as were discussed above. 


ee ea 


Tlisiiisenvaron in this section has so:far been phrased in terms of 
strip-line structures, llowever. the sawe principles also will apply to 
the design of waveguide band; stop filters. — Figure 17.11-5 shows a multi- 


‘resonator wuvegnide band-stop filter. Judging from experience with 


“ 


me Pe ura rn TA, 


cavity-type waveguide band-stop filters (Sec. 12,08), some difficult 
might be expected due to coupling direcily from one resonator to the 
next. In order to avoid this problem, the waveguide Leight and sphe 
size should both be kept very small compared te one-quarter waveteng 
It should be possible to design waveguide filters of the form in 

Pig. 17.11-5 using the same procedure described for the filcer ta 

Fig. 17.11-1 except that Fig. 17.69-3 and Eqs. (17, 09-1) and (if. 6¢- 
should be used in place of Fig. 17.07-6 and qs. (Be Pty See sme ere Me Bra 


Waveguide filters analogous to the strip-line filter tn Fig. 17. 


& 


are also possible. These ‘filters could take the general form of th 
rugated waveguide filters discussed in Sec. 7.94, with YIG spheres 


inserted in the high-impedance sections of the corrugations. 
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